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Ajuste fino da estrutura eletrônica de complexos de Ni(II), Fe(II) e Ru(II) com 2-aril-
imidazóis 
O planejamento de ligantes é a melhor estratégia para realizar o ajuste-fino da estrutura 
eletrônica dos compostos de coordenação. Ligantes baseados no imidazol têm especial 
importância devido ao seu caráter bifuncional, ou seja, possui nitrogênios pirrólico e 
piridínico que ao doar densidade eletrônica para metais de transição podem produzir 
características interessantes nos complexos e, como consequência, podem ser 
manipulados para apresentar aplicações interessantes como catálise, sensoriamento 
eletroquímico e armazenamento de informação em dispositivos eletrônicos. A 
funcionalidade -NH também está disponível para ligação de hidrogênio que possuiu uma 
grande habilidade para produzir variações no potencial redox do centro metálico quando 
coordenado. Foram sintetizados e caracterizados complexos de Ni(II), Fe(II) e Ru(II) com 
uma série de ligantes 2-aril-imidazol em que o grupo aril corresponde a pirazina (Z), 
pirimidina (M), e piridazina (A) diferindo apenas na posição de um único nitrogênio 
diazínico. O objetivo do estudo foi investigar como esses ligantes podem ser usados para 
manipular e realizar o ajuste fino das propriedades eletroquímicas e magnéticas dos 
complexos. Foram usados a espectroscopia Mössbauer, medidas de susceptibilidade 
magnética e difração de raios-X de monocristal dependente da temperatura para estudar 
o fenômeno de spin crossover nos complexos de Fe(II). Monocristais de dois complexos 
de Fe(II) com os ligantes Z e M e um complexo de Ru(II) com M demostraram a forma 
octaédrica distorcida para os complexos em uma configuração meridional para os 
isômeros com grupo espacial P 21/c a 150 K. O complexo de Fe(II) com o ligante M 
mostrou uma variação na distância de ligação metal-ligante com a transição de spin. A 
mesma distorção octaédrica foi obtida para um dos complexos de Ni(II) revelada por 
difração de raios-X. Parâmetros de campo ligante foram obtidos para a série de ligantes 









Ligand design is the best strategy to fine-tune the electronic structure of coordination 
compounds. Imidazole-based ligands hold special importance because of their 
bifunctional ligand character, i.e., it possesses a pyrrolic and a pyridinic N-atom which by 
donating to the transition metals, can trigger interesting characteristics in the complexes 
and hence, can be manipulated for interesting applications like catalysis, electrochemical 
sensing, and memory storage on digital electronics. The -NH functionality is also available 
for H-bonding which has an immense ability to shift the redox potential at the metal center 
when coordinated. We have synthesized and characterized Ni(II), Fe(II) and Ru(II) 
complexes with a series of 2-aryl-imidazole ligands in which the aryl moieties are pyrazine 
(Z), pyrimidine (M), and pyridazine (A) which only differ in the position of a single diazinic 
nitrogen. The objective of the study was to get insight on how these ligands can be used 
as a potential tool to manipulate and fine tune the electrochemical and magnetic 
properties of complexes. Mössbauer spectroscopy, magnetic susceptibility 
measurements and variable temperature single crystal XRD were used to study the spin 
crossover phenomena in the Fe(II) complexes. Single crystals of two Fe(II) complexes 
with ligands Z and M and a Ru(II) complex with M showed distorted octahedral form of 
the meridional isomers with a space group P 21/c at 150 K. The Fe(II) complex with M 
showed variation in the metal-ligand bond length with spin transition. The same distorted 
octahedral geometry was obtained for one of the Ni(II) complexes revealed by X-ray 






















XRD X-Ray Diffraction 
CV Cyclic voltammetry 
HOMO Highest Occupied Molecular Orbital 
LUMO Lowest Unoccupied Molecular Orbital 
MLCT Metal to Ligand charge Transfer 
NMR Nuclear Magnetic Resonance Spectroscopy 
IR Infrared Spectroscopy 
UV-Vis Ultraviolet-Visible Absorption Spectroscopy 
ESI-MS Electron Spray Ionization Mass spectrometry 
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The modern society we live in requires an enormous amount of energy each and 
every day to sustain itself. Fossil fuels being one of the main energy sources, have played 
their part till now but the world is soon going to be depleted of this source. Moreover, it 
has led the world to an increased amount of pollution. The need for an alternative source 
has motivated the researchers to probe alternative ways of non-polluting energy 
resources. Solar energy has emerged as one of the promising and cheap way. Scientists 
have, therefore, taken their inspiration from nature, to mimic photosynthesis which 
involves conversion of solar energy to chemical energy. Immense efforts have been put 
in discovering new ways to create an artificial system that is capable of transforming solar 
energy into chemical energy, by splitting water into oxygen and hydrogen (a clean fuel) in 
a similar way. This process involves two steps; first step i.e., water oxidation provides 
electrons and protons for the second step of the process that involves production of 
hydrogen.  
 
Water oxidation is the bottleneck of these energy conversion schemes involving 
sunlight because it requires a multielectron stepwise building up of high redox 
potentials.1,2 Groundbreaking studies on metal complexes like mono and binuclear 
ruthenium, iridium, cobalt and iron combined with organic ligands demonstrated artificial 
water oxidation catalytic processes. Ruthenium polypyridyl complexes are widely known 
to have remarkable stability and photochemical and photophysical properties.  
 
Duan et al.1 reported an efficient, rationally designed water oxidation catalyst 
[Ru(bda)(isoq)2] with ligands H2bd (2,2-bipyridine-6,6-dicarboxylic acid) and isoq 
(isoquinoline) with a high turnover frequency (TOF) for water oxidation, using Ce(IV) as 






Figure 1.1. Structure of [Ru(bda)(isoq)2]1 
 
In 2013, Badiei et al. 3 investigated water oxidation with mononuclear Ru(II) 
polypyridine complexes that involve RuIV=O pathway in neutral and alkaline conditions 
(Figure. 1.2.). As many of the mononuclear Ru complexes catalyze water oxidation that 
proceed through nucleophilic attack of water on RuV=O, they showed Ru(II) complexes 
with ligand 4-t-butyl-2,6-di-1′,8′-(naphthyrid-2′-yl)-pyridine, an equatorial water, and two 




Figure. 1.2. Water oxidation by mononuclear Ru(II) polypyridine complexes that involve 





Another complex with 2,6-bis(benzo[b]-1′,8′-naphthyridin-2′-yl)-4-t-butylpyridine,3 a 
water molecule, and two 4-picolines also followed the same mechanism. They also 
investigated this process with Ru complex bearing ligands tpy, bpy and H2O and then 
replacing bpy with bpm and reported that the formation of the RuV=O species was 
necessary for the second set of complexes, before O−O bond formation. This shows 
explicitly that different types of ligands have the capacity to alter the reaction mechanism 
of the water oxidation process, depending on different electronic properties of the ligands 
used.  
 
Our group is interested in the study of water oxidation catalytic processes with 
octahedral Ru(II) complexes and we work with a set of closely related ligands that work 
best for fine-tuning the electronic properties of the related complexes by varying the 
energies of the orbitals. Recent unpublished works from our group show that ruthenium 
complexes with 2-aryl-imidazoles are able to oxidize water in very low potentials but the 
possible mechanism in operation is not yet known. 4 These complexes are heteroleptic, 
making it difficult to unravel the actual influence of the 2-aryl-imidazoles in changing the 
electronic structures of such compounds. In order to get more insight into their electronic 
structures, we envisaged syntheses and detailed study of homoleptic Fe(II) and Ru(II) 
complexes with a set of ligands, that our group is working with. It will help us in the study 
of individual effects of these ligands in the heteroleptic complexes of our group and this is 
the main subject of this thesis. 
 
In octahedral metal complexes, all types of transitions, i.e., metal centered, MLCT, 
and ligand centered transitions are related to/influenced by strength of ligand field, redox 
potential of these complexes, and the intrinsic, essential properties of the ligands, 
respectively. Therefore, any change in structure of the ligands coordinated to ruthenium 
metal ion by introducing substitutions or by changing the heterocyclic rings that alter its 
donor or acceptor properties, can influence the relative energy of the states, and hence 






Researchers have put a lot of effort in investigating the photo and electrochemical 
properties of different heterocyclic ligands in tuning the properties of complexes. The 
energy gap of HOMO-LUMO can be tuned by small changes in the ligands, influencing 
the MLCT energies and also the oxidation potential. For example, HOMO-LUMO energy 
gap can be reduced by raising the energy level of t2g or decreasing the energy level of π* 
with donor or acceptor ligands, respectively.  
Ligands containing pyridazine, pyrimidine and pyrazine have been studied whereas 
azole (pyrazole, imidazole etc) containing ligands have received less attention. 5,6,7 
Polypyridyl ligands also hold great importance on the basis of their ability to form 
stable complexes with various metal centers and affect the optical and electrochemical 
properties depending on their structure and functionalization with various electron 
donating and electron withdrawing groups.8, 9, 10 Pyridine is an important aromatic 
compound which serves as a building block for the preparation of polypyridyl ligands.11 
Bipyridine, terpyridine and phenanthroline are some of the widely used polypyridyl ligands 
with a variety of metals to form stable coordination compounds.12, 13,14 
 
 






These polypyridyl ligands can have σ-donor, π-donor and π-acceptor properties by 
virtue of the lone pairs of nitrogen atoms, π-electron rich rings like imidazole, and π-
electron deficient rings like pyrazine, respectively. They tend to form homoleptic 
complexes as bidentate and tridentate ligands, in addition to heteroleptic complexes. The 
interaction between polypyridyl ligands and the d-orbitals of the metal takes place through 
sigma donor and π–acceptor molecular orbitals located on the nitrogen atoms and the 
conjugated aromatic system, respectively. Moreover, the nature of this interaction is 
greatly affected by the geometry and the angle between the different donor N-atoms. 
 
Polypyridyl ligands, in general absorb intensely in the UV region, and their 
absorption bands are red-shifted when protonation of their structural N-atoms occur in 
acidic environment, whereas their respective complexes display distinct electronic 
absorption spectra consisting of absorption bands in the UV region arising from ligand 
centered π-π* transitions (240-300 nm) and in the visible region by virtue of MLCT 
transitions (400-700 nm) having a lower molar extinction coefficient.15 Pyrimidine, 
pyridazine and pyrazine have better π-acceptor properties than pyridine which contains 
one nitrogen atom less than them. Bipyrimidine, bipyridazines and bipyrazine have also 
been investigated as good ligands for coordination complexes along with many other 
heterocyclic ligands containing both pyridyl and diazine rings (Figure 1.3.).16-19 
 
Since its preparation, 20 the 2,2`-bipyridine (bpy) has been widely studied as a 
bidentate ligand in coordination, organometallic, analytical and metallosupramolecular 
chemistry as it forms stable coordination complexes. 21 In 1936, Burstall 22 first 
synthesized tris(2,2’-bipyridine)ruthenium complex (shown in Figure 1.4), whereas the 
spectroscopic properties of the complex were first investigated by Paris and Brandt. 
23Long lived excited state and immense stability24 make similar complexes ideal 






Figure 1.4. Tris(2,2’-bipyridine)ruthenium complex synthesized by Burstall 22 
Imidazole is usually found in amino acid histidine and a number of metalloenzymes 
that forms complexes with transition metals. The incorporation of imidazole in the metal 
sites of numerous proteins suggests that this ligand has properties particularly suited to 
its biological role.15, 26 Ionization of pyrrole hydrogen of imidazole and its derivatives 
coordinated to metal ions of the derivatives of myoglobin, hemoglobin and vitamin B12 
accounts for changes in both the absorption spectra in these systems and potentiometric 
titrations. Its complexation with iron porphyrin results in lowering of pKa to about three or 
more units, which means an increase in acidity. Sweigart et. al 27 investigated that H-
bonding from an external base to coordinated imidazole in an iron porphyrin affects the 
Fe(III)/Fe(II) redox potential, stabilizing the Fe(III) state by 60 mV. This potential shift is 
solvent dependent. The reactivity of Fe(II) center in heme containing proteins is influenced 
by the hydrogen bonding or deprotonation of the imidazole N—H proton. 28 
The donating ability of the imidazolic imine nitrogen increases with increase in H-
bonding, resulting in a stronger Fe-N bond and higher electron density on the metal Fe. 
The strong hydrogen bonding leads to deprotonation, and the coordination of the 
imidazole to the metal increases the acidity of the N-H proton in metmyoglobin 29, 30 and 
inorganic complexes. 31 
Based on the role of imidazole derivatives in significantly shifting the 
electrochemical properties and catalysis, our group has a previous experience of working 





Another important phenomenon that is related to the strength of the ligands (ligand 
field) and can be tuned using ligands of different strengths is spin crossover. According to 
crystal field theory (CFT), the degeneracy of the metal d orbitals with configuration d4-d7 
is lifted in the presence of an octahedral field, which allows the orbitals to adopt a high 
spin or low spin state, depending on their occupation of the lower energy t2g orbitals or 
high energy eg orbitals.  The energy difference between the t2g and eg orbitals is known 
as ligand field splitting parameter and is denoted by Δo. This parameter determines the 
spin state of the material. A large Δo, with a small spin pairing energy would favor a low 
spin state. On the contrary, a small Δo with a large spin pairing energy would lead to high 
spin state. The size of the central metal atom and its oxidation state also influence greatly 
the Δo value. In case of a constant metal size and oxidation state, the Δo is dictated by the 
ligand field strength. Ligands that induce a d-orbital splitting, with no clear energetic 
preference for the LS or HS state, or in other words, the ligands with intermediate strength 
are ideal for designing SCO compounds.  
 CFT has limited application because it presents an electrostatic model as an explanation 
for the splitting of d-orbitals in transition metal complexes and completely ignores the 
covalency factor in coordination.34 In this context, Molecular Orbital (MO) Theory is 
preferred as it accounts for both ionic and covalent character in metal complexes. Atomic 
orbitals from the metal and the ligands have symmetry allowed interactions and sigma 
bonding, which result in molecular orbitals of varying energies. 
 
The t2g orbitals of the metal are non-bonding, with no matching t2g orbitals from the 
ligands, and hence they remain localized on the metal atom. A good sigma donor ligand 
would cause strong metal-ligand overlapping, pushing the antibonding eg orbitals to a 
higher energy, thus, increasing the splitting (larger Δo). 
The π donor ligands perturb the t2g molecular orbitals and decrease the splitting whereas 
the π acceptor ligands, on the contrary, have the reverse effect.  Δo can be measured with 
electronic absorption spectra in association with Tanabe-Sugano diagrams. 
As mentioned earlier, complexes of the first-row transition metals are potential spin 
crossover complexes depending on the ligands, i.e., ligands with an intermediate strength 





third row transition metals (4d and 5d) don’t exhibit this unique behavior due to a huge 
increase in Δo. In these complexes, the low spin state is generally preferred. Literature 
survey shows a huge data on the study of spin crossover phenomenon in Fe(II), Fe(III), 
and Co(II), although the behavior is also shown by some other metal complexes with 
Mn(II), Mn(III) and Cr(II) and Co(III).35,36 Fe(II) complexes showing spin crossover are 
widely studied as compared to Fe(III) complexes, and it could be justifiably explained by 
various factors. 
 
1. The structural variations resulting from SCO in Fe(II) are more pronounced than in 
Fe(III) 36, e.g., a transition from LS to HS results in the elongation of bond lengths 
by 0.2 Å on an average, that also corresponds to an increase in the unit cell volume. 
In Fe(III), this average increase is only around 0.1 Å. 
2. Secondly, Fe(II) complexes display remarkably different magnetic behavior in 
either spin state, i.e., paramagnetic in HS and diamagnetic in LS. On the other 
hand, Fe(III) complexes are paramagnetic in both high and low spin states.37 
 
SCO is characteristic of octahedral complexes with a little distortion. Generally, ligands 
that induce spin crossover phenomenon in their respective complexes, frequently have 
heterocycles containing N-donor atoms and less frequently other donor atoms like oxygen 
and sulfur. The change in electronic arrangement in the d-orbitals resulting in spin 
crossover also induces some changes in the bulk properties of the compounds, which can 
be measured at variable temperatures using a number of techniques. 
The SCO complexes undergo an elongation in the M—L bond when they flip from low 
to high spin. In case of Fe(II) complexes, Fe—N bond lengths are of prime importance, 
they elongate by approximately 0.2 Å from 1.9 Å to 2.1 Å. In Fe(III) complexes, this 
elongation is less, only about 0.1 Å.36 This increase in the bond distance can be explained 
on the basis of molecular orbital theory (MOT) and crystal field theory (CFT). Excitation of 
electrons to the eg* orbitals (antibonding) results in increase of bond distance, according 
to MOT, and population of the eg orbitals directing at the ligands weakens the M-L 
coordination and hence increase in bond distance, according to CFT. This increase in 





Single crystal diffraction data also provides information about the intermolecular forces 
throughout the material that help cooperativity in SCO complexes. The stronger the 
intermolecular forces, the more cooperative the spin transition. G. De Munno et al. 38 
reported the crystal structure of a complex [Fe(bpym)3]2+ that is low spin as suggested 
from the Fe—N bond distances ranging from 1.963(5) to 1.976(6) Å, which compare well 
with the typical Fe—N bond distances in low spin complexes. The bond angles also 
deviate from the standard 90°.  
SCO in Fe(II) complexes show drastic variation in magnetic behavior as the LS state 
has no unpaired electrons whereas the paramagnetic HS state has four unpaired 
electrons. Hence, the LS state is solely diamagnetic, while the HS state is paramagnetic. 
Although both HS and LS states in Fe(III) are paramagnetic, with one unpaired electron 
for LS and five unpaired electrons for the HS state, the S = 1/2 and S = 5/2 states can be 
distinguished. 
Two parameters from Mössbauer Spectroscopy, the isomer shift and quadrupole 
splitting, are highly useful in assigning different oxidation and spin states 39,40 which can 
be used for getting an insight on the ligand field strength. (Figure 1.5) 
 
Figure. 1.5. a) Structure of [Fe(ptz)6](BF4)2 (ptz = 1-propyltetrazole) b) The 57Fe 
Mössbauer spectra of [Fe(ptz)6](BF4)2 clearly indicate the spin transition at 136K (Spin 





Floquet et al.41 reported that the SCO in [Fe(H5ClThsa)(5-ClThsa)].H2O, (where 
H5-ClThsa is 5-chlorosalicylaldehyde thiosemicarbazone) occurs between 225 and 228 
K. Mössbauer spectroscopy at various temperatures between 80 K and 300 K helped in 
establishing that at 80 K the spectra is dominated by a LS iron (III) signals; a doublet with 
an isomer shift of 0.2 mm s-1 and a quadrupole split of 2.516 mm s-1. A small contribution 
from HS iron (III) was also observed. At 300 K HS iron (III) is the only species present, 
observed by a doublet with an isomer shift of 0.600 mm s-1 and a quadrupole split of 0.393 
mm s-1. An increase in HS compound, or conversely, a decrease in the LS state was 
observed with the increase in temperature. 
We work with a set of ligands that could possibly modify the relative energy of 
orbitals, allowing us to fine-tune different properties like spin states and 
electronic/electrochemical properties.  The electronic absorption spectra of octahedral 
Ni(II) complexes have been used in the literature 42, 43 to calculate 10Dq and B parameters, 
which can be correlated with the nature of the ligands and the respective field strengths. 
Gushikem (2003) 42 reported a method of calculating 10Dq and B parameters of a series 
of Ni(II) complexes with ligands of varying strength and showed that the bands in 
electronic spectra corresponding to 3A2g→3T2g give directly the 10Dq values of the related 
ligands.  
Here in this thesis, we investigated the Fe(II), Ru(II) and Ni(II) complexes with a set 
of least studied ligands (Figure 1.6):  
2-(1H-imidazol-2-yl)pyrazine or Z 
2-(1H-imidazol-2-yl)pyrimidine or M 
2-(1H-imidazol-2-yl)pyridazine or A 
3-(1H-imidazol-2-yl-pyridine) or Y 
These ligands show intense absorbance bands in the same range (225 nm to 325 
nm) as the above mentioned polypyridyl ligands. The ligand (Y) was also prepared, which 
was used in the synthesis of a similar complex with Fe(II) to study its magnetic properties, 





We studied in detail how small differences in the position of one nitrogen atom in 
this set of ligands affect the electronic properties in their respective complexes. Fe(II) 
complexes were extensively studied for their spin crossover properties to get an insight 
on their electronic structure with magnetic measurements. Moreover, Mossbauer 
spectroscopy was used to help assign the correct spin states. The two complexes Fe(Z)3 
and Fe(M)3 were studied in detail, whereas the complex Fe(A)3 was investigated for its 
electronic and magnetic properties but DFT studies and Mössbauer spectroscopy were 
not performed. We could not manage to obtain a high-quality crystal to be analyzed by 
single crystal XRD. (Discussed in Chapter 4) 
 
Figure 1.6. Schematic representation of the ligands used, M, Z, A, and Y. 
Ru(II) complexes (Figure 1.7) with the same ligands were synthesized to study the 
effect of ligand variation on the MLCTs and electrode potentials which helped 






Figure 1.7. Schematic representation of the synthesized M(II) complexes (M=Fe, Ru, Ni) 
 
Ni(II) complexes were used to find out strength of the ligands by calculating 
parameters like ligand field splitting parameters and Racah’s parameter (B) in octahedral 
fields. (Discussed in Chapter 5) Ni(II) complexes were also synthesized with ligand 
terpyridine and H2dimpy (Figure 1.7.) which are frequently used by our group. 
All the complexes studied in this thesis are novel except Fe(Y)3. Ni(Y)3 was studied 
in the literature too, but we synthesized it using a different methodology. Ni(terpy)2 was 
reported in literature, multiple times but with a different space group. Ni(dimpy)2 was 
reported using a different synthetic methodology in the literature, but the crystal structure 
was not reported, hereby we report its crystal structure using a different synthesis, apart 








                    
 
CHAPTER 2 
Protonated crystal structure of 2-














Imidazole is a diazole that contains both amino and imino nitrogen groups. This 
ring is found in nature in histidine (an essential amino acid), histamine, carbonic 
anhydrase and in many alkaloids that play an important role in many biological functions. 
Besides their biological roles, the imidazole derivatives hold significance in 
coordination chemistry, by virtue of their considerable basicity, and tunable 
physicochemical properties achieved by protonating or deprotonating them. A term 
"designer solvent" has been coined up in recent years for such heterocyclic rings, which 
can be modified into structures of desired properties by introducing different substituents 
on the ring. Imidazole can be contoured by manipulating at four different positions in the 
ring (Verevkin et al., 2015) 
Protonation results in a decrease of electronic density over these rings, while 
deprotonation leads to the opposite effect (Figure 2.1). This possibility of tailoring the 
electronic density by protonation or deprotonation can be useful for the planning and 
development of coordination polymers and polynuclear complexes with applications in 
materials chemistry (Singh & Bharadwaj, 2013; Coronado et al., 2012), bioinorganic 
(Serratrice et al., 2012) and catalysis (Stott et al., 2017). 
Chemical substitutions of the imidazole ring at positions 2- or 4- with other N-
heterocycles, such as pyridine and pyrazine, can lead to asymmetric ligands with different 
properties from 2,2'-bipyridine and 1,10-phenantroline. Although the synthesis of such 
molecules is well-established (Voss et al., 2008), their crystal structures were not reported.  
The identification of hydrogen bond patterns, as well as which type of aromatic-
aromatic or π-π interactions governs crystal packing in these compounds, is of 
fundamental importance for the rational design of supramolecular chemistry by tailoring 






Figure 2.1. Non-protonated and protonated imidazole ring of the ligand structure, showing 
improved delocalization in the protonated part. 
 
The protonated single crystals of the ligand 2-(imidazole-2-yl)pyrazine (H2Impz) 
were obtained accidently during synthesis of a complex, later on, single crystals were 
obtained for 2-(imidazole-2-yl)pyridazine (H2Impa)  on addition of a drop of HCl in a 
solution of the ligand with methanol, on purpose. Protonated crystals of 2-(imidazole-2-
yl)pyrimidine were also obtained but they were not of good quality and hence not suitable 
for publication.  Analysis of the crystallographic data condone our hypothesis of 
protonation at the imidazole ring in these ligands, because of its high basicity. The 
crystallographic data is shown in Table 2.1. 
protonated Z and protonated A crystallized in the monoclinic crystal system, in space 
groups P21/c. Both compounds consist of a monohydrated salt of protonated ligand with 
chloride as the anion, which crystallized in an asymmetric unit of formula and 
C7H6N4Cl·H2O (Figure 2.2-2.4). X-ray diffraction studies reveal the protonation of the 
ligand at the second nitrogen of the imidazole as we expected. All bond lengths and 
angles observed for the title compounds are in agreement with those found for the 
corresponding pyrazine, pyridazine and imidazole rings, as evaluated from the literature 






Figure 2.2. Protonated Z. Displacement ellipsoids are drawn at the 40% probability level. 
 
Figure 2.3. Crystal structure of protonated Z, showing H-bonding, displacement 
ellipsoids are drawn at the 40% probability level (left). The role of hydrogen bonding for 
the development of interplanar and cross-planar interactions as a result of protonation of 
imidazole and water molecules and chloride anions in the lattice. Displacement ellipsoids 





Supramolecular Structure of protonated Z 
The supramolecular structure of protonated Z comprises a 2-dimensional network of H-
bonding. Both the rings of protonated Z i.e., imidazole and pyrazine are involved in the 
inter-planar and cross-planar interactions because of the presence of Cl- and water 
molecules, resulting in a network in which molecules are stacked over each other in the 
form of sheets and interconnected through a dense H-bonding network as shown in 
Figure 2.3 and 2.5. The 2-D network of protonated Z involves the imidazole atoms 
interacting with the Cl- ions and water molecules, as described by N1-H1···O1Wvi 
[symmetry code: (vi) x - 1, -y + 1, z + 1/2] and N3-H3···Cl12. A hydrogen bonding through 
atoms N9···H1W-O1w could be observed between the pyrazine and the water molecule. 
The other hydrogen atom from the water molecule is involved with hydrogen bonding with 
chloride Cl···O1w-H2wvii [symmetry code: (vii) x, -y + 1, z - 1/2]. Non-classical C-H···Cl 
hydrogen bonds are observed for both the imidazole and pyrazine rings, as described by 
C5-H5···Cl12viii [symmetry code: (viii) x - 1, -y+2, z+1/2] and C11-H11···Cl12vi, 
respectively. 
 






Figure 2.5. Crystal structure of protonated A, displacement ellipsoids are drawn at the 
40% probability level (left). The role of hydrogen bonding for the development of 
interplanar and cross-planar interactions as a result of protonation of imidazole and water 
molecules and chloride anions in the lattice. Displacement ellipsoids are drawn at the 
40% probability level (right). 
Supramolecular Structure of protonated A 
The supramolecular structure of protonated A comprises of a network of H-bonding in a 
plane. All nitrogen atoms of the protonated ligand are involved in H-bonding, the nitrogen 
atoms of the pyridazine part are involved in hydrogen bonding with a nearby nitrogen of 
imidazole from another ligand.  Throughout the structure, two units of the protonated 
ligand connected through H-bonding are stacked over each other in pairs. On both sides 
of these stacks, protonated nitrogen atoms of the imidazole rings are connected to the 
chloride ions, which in turn are bonded to the water molecules found in the structure.  
Table 2.1. The crystallographic data, data collection and refinement details of protonated 
Z and protonated A. 
Crystal data Protonated Z Protonated A 
Chemical formula C7H9ClN4O Cl·H2O·C7H7N4 
Mr 200.63 200.63 
Crystal system, space group Monoclinic, Pc Monoclinic, P21/c 





a, b, c (Å) 5.2021 (5), 11.4313 (10), 7.8763 
(7) 
4.6771 (2), 11.6787 (6), 
16.7418 (8) 
β (°) 92.728 (2) 90.793 (3) 
V (Å3) 467.85 (7) 914.793 (3) 
Z 2 4 
Radiation type Mo Kα Cu Kα 
 µ(mm-1) 0.37 3.44 
Crystal size (mm) 0.23 × 0.10 × 0.10 0.26 × 0.08 × 0.06 
Data collection  
Diffractometer Bruker APEX CCD detector Bruker APEX CCD 
detector 
Absorption correction Multi-scan  
SADABS (Bruker, 2010) 
Multi-scan  
SADABS (Bruker, 2010) 
 Tmin, Tmax 0.687, 0.746 0.608, 0.753 
No. of measured, 
independent and 
 observed [I > 2σ(I)] 
reflections 
8944, 2308, 2209   5972, 1572, 1480   
Rint 0.023 0.026 
(sin θ/λ)max (Å-1) 0.667 0.601 
Refinement  
R[F2 > 2σ(F2)], wR(F2), S 0.025, 0.058,1.07 0.032, 0.088, 1.08 
No. of reflections 2308 1572 
No. of parameters 130 122 
No. of restraints 2  
H-atom treatment H atoms treated by a mixture of 









Both protonated forms of the ligands A and Z show protonation at the imidazole 
nitrogen atoms which can be explained based on high basicity of imidazole as compared 











Syntheses, electrochemistry and 

















Since the first preparation of tris-(2,2-bi-pyridine)ruthenium(II) complex by Burstall, 
1 its interesting electrochemical and photochemical properties have stimulated the 
preparation and characterization of numerous analogous ruthenium(II) complexes.2,3,4 
When asymmetric bidentate ligands are used to obtain homoleptic complexes, facial and 
meridional isomers can be obtained depending on steric and electronic properties with 
important implications on chemical reactivity and spectroscopy. 5 An interesting class of 
asymmetric ligands are hetero-aryl-imidazoles, since a combination of electron-rich and 
electron-poor rings can be used to tune the electronic properties of the final complexes. 
6,7 
  With this context, we have devised a synthetic procedure to obtain novel 
homoleptic Ru(II) complexes with a set of the bidentate 2-(1H-imidazol-2-yl)diazines, 
which differ only in position of a single nitrogen atom as mentioned before in Chapter 1. 
With Ru(II) complexes, the aim was to study the effect of difference in the position of 
diazinic nitrogen atom of the aforementioned isomers on the electrochemistry i.e., the 
electrode potentials and electronic properties (MLCTs). This data will help us understand 
how a small difference in the position of a nitrogen atom can help us fine tune the MLCTs 
of complexes. 
The homoleptic complexes [Ru(Z)3](PF6)2, [Ru(M)3](PF6)2, and [Ru(A)3](PF6)2 show 
different optical and electrochemical properties. The clear shift of MLCTs gives an 




All reagents were obtained from commercial sources and were used without 
purification. 
Syntheses of ligands 
 





described by Voss et al.  
2-(1H-imidazol-2-yl)pyrazine (Z) 
In a 50 mL round bottom flask, a mixture of 0.471 mL (5 mmol) of 2-pyrazine 
carbonitrile, 5 mL of methanol and 0.47 mL (1 mmol) of a 30% solution of sodium 
methoxide was stirred at r.t. for 20 minutes. 0.727 mL (5 mmol) of 2,2-diethoxyethanamine 
were added, followed by dropwise addition of 0.6 mL of acetic acid. The system was kept 
under reflux for an hour at 50 °C. 10 mL of methanol and 2.5 mL of 6 mol L -1 HCl were 
added after cooling the mixture to room temperature. After which, the system was kept 
under reflux for 5 h. The solution was evaporated and the residue was dissolved in 15 mL 
of H2O and extracted with 15 mL of diethyl ether, which resulted in a brown solution. After 
adjusting the pH to 8-9 with 2 mol L-1 NaOH, the product precipitated as a brown solid that 
was filtered and washed with diethyl ether. Yield: 41 %. Anal. Calcd. for C7H6N4: C, 57.53; 
H, 4.14; N, 38.33. Found: C, 57.63; H, 4.16; N, 38.14. ESI-MS (MeOH): 147.1 [M+H]+. 1H 
NMR (500 MHz, DMSO-d6) δ (ppm) 13.058 (s, 1H), 9.23 (d, 1H, J = 1.5), 8.649 (dd, 1H, 
J = 2.5, 1.5), 8.595 (d, 1H, J = 2.5), 7.25 (s, 1H) and 7.17 (s, 1H). 13C NMR (125.7 MHz, 
DMSO-d6) δ (ppm) 144.90, 144.24, 143.92, 143.70, 141.80, 130.66 and 120.27. pKaH = 
4.51 ± 0.05.  
2-(1H-imidazol-2-yl)pyrimidine (M)  
A mixture of 2.62 g (25 mmol) of 2-pyrimidinecarbonitrile, 10 mL of MeOH and 0.47 
mL of a 30% solution of sodium methoxide in MeOH was kept under vigorous stirring at 
r.t. for 1.5 h in a 100 mL flask. Then, 1.63 mL (15 mmol) of 2,2-dimethoxyethylamine were 
added to the mixture, followed by dropwise addition of 2.75 mL of acetic acid. The system 
was kept under reflux for 30 min. After cooling to room temperature, 15 mL of MeOH and 
12.5 mL of HCl 6 mol L-1 were added to the solution that was heated again and kept under 
reflux for 5 h. After the reaction time, the solvent was evaporated and 27.5 mL of a warm 
K2CO3 1 g mL-1 solution were carefully added to the residue, yielding a yellowish 
suspension which was filtrated. Extraction of the precipitate with 3 × 50 mL of MeOH 
yielded a yellowish solution which was concentrated until precipitation. The resulting pale-
yellow solid was filtrated, washed with Et2O and dried under vacuum. Yield: 65 %. Anal. 





MS (MeOH): 147.1 [M+H]+. 1H NMR (600 MHz, DMSO-d6) δ (ppm) 12.97 (s, 1H), 8.865 
(d, 2H, J = 4.8), 7.43 (t, 1H, J = 4.8) and 7.22 (s, 2H). 13C NMR (100.6 MHz, DMSO-d6) 
δ (ppm) 158.11, 157.41, 144.85, 125.98 and 120.41. pKaH = 5.07 ± 0.07. 
2-(1H-imidazol-2-yl)pyridazine (A)  
To a 25 mL round bottom flask, 0.1051 g (1 mmol) of 3-pyridazine-carbonitrile, 400 
µL of methanol, and 18.8 µL (0.1 mmol) of a 30% solution of NaOMe in methanol was 
added. The reaction mixture was stirred for 1 hour at room temperature. 109 µL (1 mmol) 
of aminoacetaldehyde dimethylacetal was added, followed by dropwise addition of 110 µL 
(2 mmol) of glacial acetic acid. This mixture was heated to reflux for half an hour. After 
cooling to room temperature, 600 µL of methanol and 500 µL of 6N HCl were added, and 
the mixture was again heated to reflux for 5 hours. The solution was dried by evaporating 
and a freshly prepared warm solution of K2CO3 (1 g ml-1) was added, which brought the 
pH to 10. The resulting suspension was left in a refrigerator for 12 hours. The crystals 
which appeared were filtered and washed with 3x5 mL portions of diethyl ether followed 
by dissolution in chloroform. This resulting mixture was allowed to evaporate slowly 
resulting in the formation of pale red crystals. 
 
Yield: 45%. Anal. Calcd. for (C7H6N4): C, 57.53; H, 4.14; N 38.33; found: C 57.21, 
H 4.21 and N 38.5. 1H NMR (400 MHz, DMSO-d6) δ (ppm) 13.33 (s, 2H), 9.2 (dd, 2H, J = 
5, 1.5), 8.24 (dd, 1H, J = 8.5, 1.54) and 7.79 (dd, J=8.5,5, 2H). pKaH = 4.23± 0.05. 
 
Characterization of the ligands 
 
Ligands Z, M and A are constitutional isomers (C7H6N4) only differing in the relative 
position of one diazinic nitrogen. Since the structures are fully aromatic and due to the 
strong π-acceptor character of the diazine cycle, we expect a rich spectroscopic behavior. 
A comparative study of these ligands using NMR spectroscopy shows a strong 
communication between the two moieties of the ligands, where the π-electron density of 
the imidazole is delocalized towards the diazine. Given the importance of the pKa on the 





the ligands in H2O. Isomer A has a pKa = 4.23, and Z with a pKa of 4.51, both are lower 
than isomer M with a pKa = 5.07. These values are in agreement with the lower pKa 
expected for a 1H-imidazol-2- yl moiety bonded to an electron-deficient group, such as a 
diazine, in comparison to imidazole itself with a pKa = 6.99. The larger pKa of the M ligand 
implies a smaller electron-deficient character than Z and A and thus, it will have a stronger 
σ-donation towards coordination with a Lewis acid. In other words, high pKa value of M 
shows that the imidazole ring in M is highly basic as compared with the imidazole ring in 
Z and A ligand.  This change in σ-donor character between the complexes of M, Z and A 
provides a potential mechanism for tuning the electron density on the metal center.  
 
The ligands M, Z and A were characterized through elemental analyses, Mass 
spectrometry, 1H NMR, and 13C NMR. The 1H NMR and 13C NMR of the ligands are shown 
in Figures 3.1-3.5, and their subsequent assignment of signals and peaks are summarized 
in Tables 3.1-3.5. In order to evaluate the effect of the nitrogen position on the electronic 
structure of the ligands, a comparative study was performed using the 1H-NMR spectra. 
The 1H-imidazol-2-yl moiety was used as probe and its 1H-NMR signals chemical shift 
are shown in Table 3.6. The amine hydrogen is labelled as H4 and aryl hydrogens as 
H5/H6 in Z, M and A ligands (Figure 1.6). Due to the quick annular tautomerism in the M 
and A ligand only one signal of H5/H6 was observed, while for the Z ligand two signals 
were present in the 1H NMR spectrum. Hence, we used the average value of chemical 
shift of H5/H6 hydrogens in the Z ligand for comparison of these three compounds. 
 
The chemical shift for both kinds of hydrogens of the imidazol-2-yl moiety is equal for both 
the Z, M and A ligands. Therefore, the relative position of N does not reveal any difference 
in their electronic structure. The same comparison was made using the imidazole carbon 
C7 (Table 3.6) directly bonded to the diazine as a probe to evaluate the six-membered N-
heterocycle over the electronic density of the imidazole. Knowing that the pyridazine is 
the most acidic, followed by pyrazine ring and then pyrimidine, one might be surprised 
with the more shielded signal in A and Z than M of C7 that is directly bonded to the N-
heterocycle. However, when it comes to the electronic communication between the rings, 





delocalizes the π-electronic density of the imidazole ring in its direction. Consequently, 
the density over the C7 increases towards the diazine while decreasing the chemical shift. 
The observed series are coherent with the pKa of free six-membered N-heterocycles. 38,39 
The 1H and 13C NMR spectra with their assignments are shown in Figures 3.1-3.5 and 
Tables 3.1-3.6. The numbering of the atoms followed here for the 1H-NMR studies of 
these ligands is the same as in Figure 1.6. 
  
 
Figure 3.1. 1H-NMR spectrum of Z in DMSO-d6. 
 Table 3.1. Assignment of the 1H-NMR spectrum of Z in DMSO-d6. 
δ (ppm) Signal type J(Hz) Integration Hydrogen 
7.17 s - 1 H5 
7.35 s - 1 H6 
8.60 d 2.5 1 H2 
8.66 dd 2.5;1.5 1 H1 
9.25 d 1.5 1 H3 







Figure 3.2. 1H-NMR spectrum of M in DMSO-d6.  
 
Table 3.2.  Assignment of the 1H-NMR spectrum of M in DMSO-d6. 
δ (ppm) Signal type 3J (Hz) Integration Hydrogen 
7.268 s - 2 H4/H5 
7.44 t 4.8 1 H2 
8.88 d 4.8 2 H1/H3 








Figure 3.3. 1H-NMR spectrum of A in DMSO-d6. 
 
Table 3.3. Assignment of the 1H NMR spectrum of A in DMSO-d6. 
δ (ppm) Signal type 3J (Hz) Integration Hydrogen 
7.268 s - 2 H5/H6 
7.79 dd 8.5,5 1 H2 
8.24 dd 8.5, 1.5 1 H3 
9.2 dd 5, 1.5 1 H1 












Figure 3.4. 13C NMR spectrum of Z in DMSO-d6. 
 
Table 3.4. Assignment of the 13 C NMR spectrum of Z in DMSO -d6 
 C9 C10 C3 C7 C5 C6 C2 







Figure 3.5. 13C NMR spectrum of M in DMSO-d6. 
 
Table 3.5. Assignment of the 13 C NMR spectrum of M in DMSO -d6 
 C5 C9/C10 C7 C2 C4/C6 
δ (ppm) 120.45 130.68 144.80 157.35 158.12 
 
Table 3.6. Chemical shift (δ) of H4 amine hydrogen, the average of both H5/H6 aryl 
hydrogens and C7 in the 1H-imidazol-2-yl moiety for the ligands M and Z in DMSO-d6. 
The data of imidazole from ref. 40 was obtained in D2O. 
 M Z A Imidazole40 
Amine hydrogen 13.09 13.06 13.33  
Aryl hydrogens 7.26 7.26 7.26 7.14 








Syntheses of Ru(II) complexes  
 
The Ru(II) complexes were prepared by the mixture of one equivalent of 
RuCl3.3H2O (50 mg), 3.3 equivalents of the ligand (92 mg) and 10 mL of DMF. The mixture 
was stirred and heated to 150 °C for 5 minutes, until the colour turned to green. After an 
addition of 45 mL of triethylamine, the reaction mixture was kept under reflux for three 
hours, resulting in a reddish-purple mixture. This reaction mixture was filtered while still 
hot using a sintered glass funnel (G4). The filtrate was processed further with constant 
addition of ethanol and evaporation using rotary evaporator until the volume reduced to 
almost 1.5 mL. The resulting reduced mixture was added dropwise to an aqueous solution 
of NH4PF6 (200 mg in 5 mL of milliQ water) and left in the refrigerator overnight to induce 
precipitation. Subsequently, the precipitate was filtered, washed with ice-cold water to 
remove excess NH4PF6 and dried in a desiccator (Figure 3.6).  
 
 





 [Ru(Z)3](PF6)2 (1) 
Yield: 69 %. Anal. Calcd.: C, 30.41; H, 2.19; N, 20.26. Found: C, 31.1; H, 1.536; N, 
19.83. ɅM (S cm2 mol-1): 280.4, within the typical range for a 1:2 electrolyte in water, 150-
310 S cm2 mol-1 (Geary, 1971). ESI-MS (methanol): m/z 270.03 [M2+] (Appendix C2). FT—
IR (cm-1): 561, 766, 868.68, 1062.5, 1362.6, 1465, 1627,1647.8 (Appendix A4) No crystals 
obtained. 
[Ru(M)3](PF6)2 (2) 
Yield: 83.42 %. Anal. Calcd.: C, 30.41; H, 2.19; N, 20.26. Found: C, 30.51; H, 2.55; 
N, 19.78. ɅM (S cm2 mol-1): 162.44, within the typical range for a 1:2 electrolyte in water, 
150-310 S cm2 mol-1 (Geary, 1971). FT—IR (cm-1): 559, 708, 796, 844, 1102, 1409, 1629, 
1590, 1551, 1471 (Appendix A4). ESI-MS (methanol): m/z 270.03 [M2+] (Appendix C3) 
Crystals were obtained by slow evaporation of a methanol: water solution of the complex. 
[Ru(A)3](PF6)2 (3) 
Yield: 66 % Anal. Calcd. for [Ru(C7H6N4)3](PF6)2: C, 30.41; H, 2.19; N, 20.26. 
Found: C, 29.785; H, 2.085; N, 17.88. ESI-MS (methanol): m/z 270.03 [M2+] (Appendix 
C4). FT—IR (cm-1): 561, 646.8, 762, 853.7, 1107, 1157.6, 1461.4, 1554.6, 1634.8 




Elemental analyses of the complex were performed using a Perkin Elmer 2400 
CHN analyzer. 
Electrospray ionization mass spectra (ESI-MS) were recorded with a Waters 
Quattro Micro API in a positive mode using a 1:1 methanol: water solution with addition of 
0.10% (v/v) formic acid.  
Electronic absorption spectra of the complex were obtained using a quartz cuvette 
(1.00 cm) with a diode array HP8453 UV/Visible absorption spectrophotometer equipped 





Infrared spectra were obtained with an Agilent Cary 630 FTIR spectrometer, using 
the Attenuated Total Reflectance (ATR) method, with a diamond cell. The spectra were 
recorded in 4000-400 cm−1 range, with 64 scans and a resolution of 4 cm−1. 
For cyclic voltammetry, vitreous carbon, platinum and Ag/AgCl were employed as 
working, counter and a reference electrode, respectively. Solutions of the complexes 
(5x10-3 mol L-1) were prepared in a pH 1 buffer solution (25 ml of 0.2 M KCl + 67 ml of 0.2 
M HNO3). The working electrode was cleaned and polished with fine alumina slurries of 
various granular sizes on a microcloth pad for effective removal of any previously 
adsorbed species. A blank was run with the buffer solution, followed by various cyclic 
voltammograms in different ranges with scan rates of 10, 25, 50, 100 and 200 mV s-1. 
For conductivity measurements, LAB1000 conductometer and a standard platinum 
electrode cell with a cell constant of 0.1 was used. The measurements were acquired 
using 9.8x10-4 mol L-1 aqueous solutions of the complex. 
Crystal structure determination 
Data collection for single crystals was performed with a Bruker Apex II CCD 
diffractometer using either Mo Kα (λ = 0.71703 Å) or Cu Kα (λ = 1.54178 Å) radiation. The 
Oxford Cryosystems controller was used in all cases. Unit cell dimensions and orientation 
matrices were determined by least squares refinement of the reflections obtained by φ-ω 
scans. The data were indexed and scaled with the ApexII Suite [APEX2 v2014.1-1 (Bruker 
AXS), SAINT V8.34A (Bruker AXS Inc., 2013)]. Bruker Saint and Bruker SADABS were 
used for integration and for scaling of data, respectively. Using Olex2,8 the structure was 
solved with the ShelXT 9 structure solution program using direct methods and refined with 
ShelXL10 by a full-matrix least-squares technique on F2. All non-hydrogen atoms were 
refined anisotropically and hydrogen atoms were added to the structure in idealized 








Results and discussion 
 
Electronic Absorption Spectroscopy 
 
A 10-5 M aqueous solution of each complex was prepared in a 10 mL flask and 
diluted to different concentrations in the same range to record the electronic absorption 
spectra. The molar absorptivity ε values were calculated from the electronic absorption 
spectra shown in the Figure 3.7, the data are summarized and presented in Table 3.7.  
 
Figure. 3.7. Electronic absorption spectroscopy of the Ru(II) complexes showing 
absorptions over the UV-Visible range (10-5 M in H2O) (left). Illustration of consequent 
energy levels of t2g orbitals as guessed from the MLCT values (right). 
 
The electronic absorption spectra obtained for the [Ru(Z)3](PF6)2 is pretty similar to 









Table 3.7. Summary of electronic absorption spectroscopy data for [Ru(Z)3](PF6)2,  

















Ligand centered (π-π*) transition 
Ligand centered transition 



















 Cyclic voltammetry was performed to investigate the electrochemical properties of 
the complexes. For this purpose, Carbon, Platinum and Ag/ AgCl were employed as 
working, counter and a reference electrode, respectively for all the complexes. Solutions 
of the complexes (5x 10-3 M) were prepared in a pH 1 buffer solution (25 ml of 0.2M KCl 
+ 67 ml of 0.2 M HNO3). The C electrode was cleaned and polished with fine alumina 
slurries of various granular sizes on a microcloth pad for effective removal of any adsorbed 
species. The electrode was ultrasonically rinsed with milli-Q water, after polishing. A blank 
was run with the buffer solution, followed by various cyclic voltammograms in different 
ranges with scan rates of 10, 25, 50, 100 and 200 mVs-1, the optimized ones are discussed 
here. The cyclic voltammograms of the Ru(II) complexes obtained at various scan rates 






Figure 3.8.  Cyclic voltammogram of [Ru(Z)3](PF6)2 in buffer of pH 1.  
 
Figure 3.9. Cyclic voltammogram of [Ru(M)3](PF6)2 (5x10-3 mol L-1)  in buffer of pH 1 (25 






Figure. 3.10.  Cyclic voltammogram of [Ru(A)3](PF6)2 in buffer of pH 1. 
 
The complexes [Ru(Z)3](PF6)2, [Ru(M)3](PF6)2 and [Ru(A)3](PF6)2 show a quasi-
reversible electrochemical wave that corresponds to the oxidation of Ru(II) to Ru(III). A 
single electrochemical wave is an indication to the purity of the complexes. With 
[Ru(Z)3](PF6)2, a potential E1/2   ̴ +1.00 V, [Ru(M)3](PF6)2 0.87 V whereas with 
[Ru(A)3](PF6)2 a potential E1/2 = 0.86 V was measured. It is obvious from the potential 
values that ligand A shifts the wave to a lower potential compared to the ligand Z and A. 
It can be assumed that ligand A is a better donor than Z and M, the same trend was seen 
for the pKa of the ligands, i.e., the ligand A has an imidazole ring which has the lowest 
basicity (lowest pKa). The Table 3.8 summarizes the electrochemical data of the three 
complexes i.e., the anodic and cathodic electrode potentials and electrode half potential. 
Electronic absorption spectra of the samples were recorded two days after the 
experiment, which showed an intact spectrum, similar to the one in pure H2O, hence 





Table. 3.8. Summary of Electrode potentials for [Ru(Z)3](PF6)2, [Ru(M)3](PF6)2 and 
[Ru(A)3](PF6)2 and [Ru(Y)3](PF6)2 12 various scan rates. The value of [Ru(Y)3](PF6)2 was 
converted from DMF to Ag/AgCl. 
Complex Scan rate Epa Epc Eav Ediff 
[Ru(Z)3](PF6)2 10 mVs-1 1.16974 0.87769 1.0237 0.2920 
 25 mVs-1 1.11938 0.88272 1.001 0.2366 
 50 mVs-1 1.09421 0.88776 0.9909 0.2064 
 100 mVs-1 1.13449 0.73669 0.9355 0.3978 
 200 mVs-1 1.11938 0.90286 1.0111 0.2165 
[Ru(M)3](PF6)2 10 mVs-1 0.93841 0.80749 0.8729 0.1309 
 25 mVs-1 0.94345 0.80749 0.8754 0.1359 
 50 mVs-1 0.94848 0.80245 0.8754 0.1460 
 100 mVs-1 0.9484 0.7974 0.8729 0.151 
 200 mVs-1 0.9837 0.75714 0.8704 0.2265 
[Ru(A)3](PF6)2 10 mVs-1 0.91293 0.80719 0.86006 0.1057 
 25 mVs-1 0.923 0.78705 0.85525 0.1355 
 50 mVs-1 0.92804 0.79208 0.86005 0.1359 
 100 mVs-1 0.9481 0.79208 0.87009 0.1560 
 200 mVs-1 0.94818 0.79208 0.87013 0.1561 
[Ru(Y)3](PF6)212    0.881 V  
 
Correlation between electrochemistry and electron absorption spectra 
The Ru(III)/Ru(II) potential was found to be 1.00 V vs. Ag/AgCl for [Ru(Z)3]2+ 
complex  , 0.87 V vs. Ag/AgCl for [Ru(M)3]2+ complex and 0.86 V vs. Ag/AgCl for [Ru(A)3]2+ 
complex. For [Ru(M)3]2+, for example, the value was found to be intermediate between 
those reported for [Ru(im)6]2+, 0.295 V 13, and [Ru(bpm)3]2+, 1.72 V,14 in which bpm stands 
for 2,2'-bipyrimidine. In case of [Ru(Z)3]2+, the value was midway between those of 
[Ru(Im)6]2+ and [Ru(bpz)3]2+ (1.49 V).15 The reduction potential values obtained for the 
series are close to those of [Ru(Y)3](PF6)2.12 Since the reduction potential can be directly 





be accounted for by the high imidazole electron σ-donor ability, which tends to increase 
the energy of the HOMO, leading to a decrease of the reduction potential. Conversely, 
diazines are better π-acceptors, decreasing the HOMO energy, therefore increasing the 
reduction potential. 18,19 The electrochemical results reveal that the ligands Z, M and A 
were successfully used to tune these effects by combining them in a bidentate ligand, as 
we intended. Complex [Ru(M)3]2+ and [Ru(A)3]2+ have almost equal reduction potential 
which means their HOMO orbitals are at almost equal energy levels, and much higher 
than that of [Ru(Z)3]2+, which makes it easy to reduce Ru(II) in M and A complex as 
compared with that of complex Z (Figure 3.11). The electronic spectrum of [Ru(M)3]2+ 
revealed an asymmetric band centered at 421 nm (log e = 4.14), indicating that two 
superimposed MLCT bands may be present. This could be explained if two transitions 
from the Ru(II) t2g to two π* orbitals are observed. Moreover, because the MLCT in 
[Ru(bpm)3]2+ is observed at 454 nm,16 this is an indication that the π* orbitals involved in 
the [Ru(M)3]2+ transitions lie higher in energy. The same can be said when the MLCT 
bands of [Ru(M)3]2+ are compared with those of [Ru(A)3]2, and [Ru(Z)3]2+ for which the 
MLCTs are observed at 435 and 455 nm respectively (Figure 3.6). 
 
Figure. 3.11.  Energy level of HOMO orbitals guessed based on reduction potentials of 





Crystal structure of [Ru(M)3](PF6)2 
 
The complex [Ru(M)3](PF6)2 crystallizes with two hexafluorophosphates counter-
anion and three lattice water molecules. The total +2 charge for the complex is in very 
good agreement with molar conductivity and mass spectrometry measurements. We can 
conclude that all three ligands in the complex are neutral, not showing the typical 
ionization of the imidazole hydrogen atom. The molecular structure of the cationic complex 
is shown in Figure. 3.12. It reveals a distorted octahedral configuration with meridional 
stereochemistry, with two imidazole units trans to each other as well as two pyrimidine 
units trans to each other. There is no correlation between the trans–cis orientation and 
bond lengths. For example, all Ru—Nim bond lengths are essentially the same within their 
standard uncertainties, and the same observation is valid for Ru—Npm bond lengths. 
However, Ru—Nim bond lengths are systematically shorter than Ru—Npm bonds by 0.03 
Å, as expected from the stronger Lewis basicity of the imidazole unit. Averaged bond 
lengths are 2.054 (10) Å for Ru—Nim and 2.083 (8) Å for Ru—Npm. As a result of the 
bidentate nature of the ligands, coordination angles differ from the ideal 90 values with 
Nim—Ru—Npm angles ranging from 78.5 (2) to 78.7 (2), the latter being the main cause 
for the distorted octahedral configuration.  
Although hydrogen atoms were not modelled for the three water molecules present 
in the crystal structure, it is clear that a three-dimensional hydrogen-bonded network is 
formed by all species. Water molecules cluster in triads and are close to two 
hexafluorophosphate anions in the lattice. The supramolecular arrangement of water 
molecules and PF6- anions may result in different hydrogen-bonded patterns, and the 
disorder in hydrogen-atom positions may explain the absence of electron densities close 
to oxygen atoms in difference maps. One of the water molecules (O3) is hydrogen bonded 
to two N—H imidazole units, N6 and N10, Figure 3.13. listed in Table 3.4. A rather strong 
mutual intermolecular interaction between two [Ru(M)3]2+ units through one of the ligands 
involving centrosymmetric N—HN pairs completes the three-dimensional hydrogen-







Figure 3.12. The molecular structure of the homoleptic cationic complex [Ru(M)3]2+ with 







Figure 3.13. Outline of the unit cell with axes showing all molecular entities in the crystal. 
Details of the hydrogen bonds found for the [Ru(L)3]2+ unit are also shown. Dashed lines 
indicate the mutual N—HN array between two symmetric complexes through one of the 
heteroaryl-imidazole ligands and two hydrogen bonds with water molecules. Symmetry 
codes:(i) -x + 1, -y + 2, -z + 2; (ii) x + 1/2, -y + 3/2, z-1/2; (iii) -x + 1, -y + 1, -z + 2; (iv) -x + 
1, -y + 2, -z + 1. Water H atoms were not found, see text for details. Atoms of the PF6-
anion in the upper right corner have symmetry code (ii).  
Surveys into the Cambridge Structural Database (CSD, Version 5.38, last update 
Feb 2018; Groom et al. 20 and SciFinder (SciFinder, 2018) 21 revealed no hits for the 
structure. To the best of our knowledge, this is the first crystal structure reported for a 
homoleptic ruthenium complex with hetero-aryl-imidazoles. The survey revealed the 
synthesis of complex [Ru(Y)3]2+, 22 in which Y is 2-(1H-imidazol-2-yl)pyridine, but no 
crystal structure was reported. However, we could relate to other similar crystals like 
[Ru(bpm)3]2+, [Ru(bpy)3]2+, and [Ru(bpz)3]2+, in which bpy is 2,2'-bi-pyridine and bpz is 
2,2'-bi-pyrazine. [Ru(bpm)3]2+ contains a pyrimidine moiety with Ru—N distance of 2.067 
(4) Å similar to our complex, whereas [Ru(bpy)3]2+ and [Ru(bpz)3]2+ show Ru—N bond 





appears as a ligand is with Cu(II) and was reported by our group. 7 In the latter case, 
similar to what we have observed in this work, the Cu—Npm bond distance is 2.078 (2) Å, 
which is a bit longer than the Cu—Nim, 1.975 (5) Å. The crystal structure of [Ru(im)6]2+ 
was found to have Ru—N distances of 2.099 (2) Å on the average. 24 
Crystal data, data collection and structure refinement details are summarized in 
Table 3.9. All non-hydrogen atoms were refined anisotropically and hydrogen atoms were 
added to the structure in idealized positions and further refined according to the riding 
model, including the hydrogens bonded to nitrogens. During the refinement process, no 
hydrogen bond was found for H2C and two positions were studied for this atom. The final 
choice was the one giving the lowest value for the shift for its position. The crystal was a 
strong absorber and exposure times had to be increased in order to achieve a reasonable 
completeness. In the end, we have tested three different absorption corrections in order 
to avoid artefacts and the multi-scan method gave the best results. However, a residual 
positive density was still found close to ruthenium (less than 1 Å) as a consequence of 
this insufficient absorption correction. 25 





Temperature (K) 150.00 
Radiation type Cu Ka 
Crystal system Monoclinic 
Space group P21/n 
a, b, c (Å) 13.0162 (5), 13.6078 (5), 18.3382 (7) 
 β(°) 99.937 (2) 
V (Å3) 3199.4 (2) 
Z 4 
μ (mm-1) 6.02 
θ range (˚)  2.4-27.8 
 Tmin, Tmax 0.625, 0.753 





No. of measured, independent and 
 observed [I > 2s(I)] reflections 
25003, 5754, 4930   
Rint 0.039 
(sin q/l)max (Å-1) 0.605 
R[F2 > 2s(F2)], wR(F2), S 0.081, 0.237, 1.08 
No. of reflections 5754 
No. of parameters 460 
H-atom treatment H-atom parameters constrained 
Dρmax, Dρmin (e Å-3) 3.66, -0.72 
 
Computer programs: APEX2 (Bruker, 2010), SAINT (Bruker, 2010), ShelXT (Sheldrick, 
2015), SHELXL (Sheldrick, 2015), OLEX2 (Dolomanov et al., 2009). 
Table 3.10.  Hydrogen-bond geometry in the complex [Ru(M)3](PF6)2 
 D—H···A D—H H···A D···A D—H···A 
N2—H2···N4i 0.88 2.13 2.937 (7) 152 
N6—H6···O3ii 0.88 1.99 2.860 (10) 172 
N10—H10···O3iii 0.88 1.93 2.797 (10) 167 
O1—H1A···O2iv 0.87 1.85 2.724 (17) 180 
O1—H1B···F12iv 0.87 2.03 2.818 (14) 150 
O3—H3B···O2 0.87 2.15 2.771 (15) 128 
 
Symmetry codes: (i) -x+1, -y+2, -z+2; (ii) x+1/2, -y+3/2, z-1/2; (iii) -x+1, -y+1, -z+2; (iv) -
x+1/2, y+1/2, -z+3/2. 
Geometric parameters (Å, º) 
Table 2.11 shows that the average Ru—Nim bonds (2.054 Å) are slightly shorter 
than the average Ru—Npm bonds (2.082 Å), that reflects a stronger bond and stronger 
electron-donor character of imidazole, the same was observed in Fe(Z)3 and Fe(M)3 





clearly deviating from the ideal 180°. The bite angles were on the average 78.6°. The intra 
ligand angles deviated from 90° and were on the average 93.9°. On comparison with 
Fe(M)3, Ru(M)3 have larger bite angles and intra-ligand angles, with longer bond 
distances. The details of H-bonding can be found in Table 2.10. 
Table 3.11. Bond lengths and bond angles of [Ru(M)3](PF6)2 
Ru—Nim Bond length (Å) Bite angles (°) 
Ru1—N1 2.047 (5) N1—Ru1—N3 78.5 (2) 
Ru1—N5 2.065 (6) N5—Ru1—N7 78.6 (2) 
Ru1—N9 2.050 (6) N9—Ru1—N11 78.7 (2) 
Ru—Npm Bond length (Å) Intra-ligand angle (°) 
Ru1—N3 2.074 (5) N3—Ru1—N7 88.7 (2) 
Ru1—N7 2.084 (6) N9—Ru1—N3 93.0 (2) 
Ru1—N11 2.090 (5) N5—Ru1—N3 96.7 (2) 
  N1—Ru1—N7 97.0 (2) 
Axial angles (°) N1—Ru1—N9 87.2 (3) 
N1—Ru1—N5 173.7 (2) N1—Ru1—N11 95.8 (2) 
N3—Ru1—N11 170.3 (2) N5—Ru1—N11 89.5 (2) 
N9—Ru1—N7 175.7 (2) N7—Ru1—N11 99.9 (2) 




The Ru(III)/Ru(II) potential for [Ru(Z)3]2+ (1.00 V vs. Ag/AgCl), [Ru(M)3]2+ (0.87 V 
vs. Ag/AgCl) and [Ru(A)3]2+ complex (0.86 V vs. Ag/AgCl) can be directly related with t2g 
orbitals of the respective complexes, i.e. the HOMO. The electrochemical results, i.e., 
HOMO energies, confirm that the ligands Z, M and A were successfully used to tune the 





bidentate ligand, as we intended. Because the MLCT in [Ru(M)3]2+ is observed at 421 nm, 
this is an indication that the π* orbitals involved in the [Ru(M)3]2+ transitions lie higher in 
energy, followed by those of [Ru(A)3]2+and [Ru(Z)3]2+ for which the MLCTs are observed 
at 435 and 455 nm respectively.  
Based on the potentials, the t2g energy would be A ~ M < Y < Z. 
We obtained single crystals for the Ru(M)3 complex and it showed the presence of 
meridional isomer. This may indicate that the meridional isomer is thermodynamically 






























Switching the spin crossover 
phenomenon by ligand isomerization in 
imidazole-diazine Fe(II) complexes 
 









    Introduction 
Memory storage on digital electronics requires bistable materials capable of switching 
between two stable and distinguishable states that represent the 1 and 0 bits of 
information. Ideally, such materials should have two long-lived states with different 
magnetic or electronic properties under the same external conditions and allow a fast 
transition between them triggered by some external stimuli. Enticing compounds to be 
used in these technological applications can be found in the family of spin-crossover 
(SCO) materials.1 The SCO phenomenon occurs on systems with two spin-states of 
different total spin number where the spin transition is accompanied by some structural 
change.2,3 It is typically found in octahedral transition metal complexes of the fourth period 
with a 3d4 to 3d7 metal center in a ligand field close to the limit between the low spin (LS) 
and high spin (HS) regimes. The LS-HS transition on these complexes induces an 
expansion of the coordination sphere and the corresponding change of ligand field. The 
equilibrium between both spin-states and the bistability of the system is governed by two 
competing processes, the enthalpy change related to the different metal–ligand length (an 
increase of the bond distance entails a loss of enthalpy) and the entropy change related 
to the electronic and vibrational degrees of freedom (the HS state has a higher entropy).4 
Hence, it is possible to trigger the spin transition by external stimuli affecting the molecular 
structure (pressure)5,6 or the vibrational entropy (temperature)7–9 or through an electronic 
excitation induced by light radiation in the so-called light induced excited spin-trapping 
(LIESST).10–16  
The complex interplay of geometrical and electronic factors behind the SCO 
phenomenon calls for thorough systematic studies to unravel the structure-function 
relationship governing the spin crossover.17,18 Available data for many different SCO 
complexes and their derivatives reveal that too large distortions between the LS and HS 
states over-stabilize one of them, thus hindering the spin transition. Nonetheless, a 
sufficient distortion is needed during the spin transition to switch the ligand field between 
the LS and HS regimes and achieve bistability. Hence, many pseudo-octahedral Fe(II) 
complexes with N-donor chelating ligands are very successful SCO compounds as they 





forward and backward spin transition to occur. The bulkiness, flexibility and denticity of 
the ligands can have an impact on thermal SCO and its transition temperature (T1/2, 
temperature at 50:50 of LS and HS), which is a measure of the zero-point corrected 
energy difference between the HS and LS states (∆𝐸𝐻𝐿
0 =𝐸𝐻𝐿
0 -∆𝐸𝐿𝑆
0 )19,20 The relative 
stabilization of the more voluminous HS state should lead to lower T1/2, while stabilizing 
the compact LS state should rise T1/2. However, even at the molecular level, the control 
over T1/2 is not straightforward due to the sensitiveness of ∆𝐸𝐻𝐿
0  to structural factors.  
The aim of this part of our work is to achieve a better control of the SCO 
phenomenon by tuning the ligand field on the metal center through structural isomerism 
of the ligands. We will show that small changes in the ligand structure involving the 
position of a single heteroatom can fully switch on the spin crossover of the complex. Such 
a limited structural alteration leads to structure-function relationships lying in the molecular 
domain, acting on the ligand field and not involving cooperative effects. Thus, the 
knowledge obtained from these experiments is less system dependent and more likely to 
be transferred to a wider range of compounds, which is helpful to attain the major goal of 
designing functional materials with tailored SCO properties.21,22 
We have synthesized and characterized three structural isomers of 2-(1H-imidazol-
2-yl)diazine (Figure 1.6) and their respective Fe(II) complexes. This family of ligands 
combines an electron-deficient diazine with an electron-rich imidazole conferring them 
high versatility. The three isomers differ in the diazine moiety, having either a pyrazine 
(Z), pyrimidine (M), or pyridazine (A) and were partially explored as ligands in the 
literature.23 Diazines are electron-deficient heterocycles well known for their strong π-
acceptor character related to their optic properties and non-innocent behaviour.24,25 
Conversely, imidazole based ligands are prominent not only for their electron-rich 
character, being stronger σ-donors than azines,26,27 but also for the possibility of altering 
the electronic structure and reactivity of the compound through deprotonation, hydrogen 
bond modulation or derivatization of the NH group.28–31 Thus, the combination of such 
properties in this class of ligands has the potential to provide a tunable ligand field through 
chemical modifications. Moreover, the related SCO Fe(II) complexes can have the 





the 2-(1H-imidazol-2-yl)pyridine Fe(II) complex used by Coronado et al. in a hybrid multi-
functional material combining superconductivity and SCO magnetism.32 
The homoleptic complexes [Fe(Z)3](ClO4)2, [Fe(M)3](ClO4)2, and [Fe(A)3](ClO4)2 
show strikingly different optical and magnetic properties. The preeminent one is the 
appearance of an broad spin transition at 241 K for [Fe(M)3](ClO4)2, whereas 
[Fe(Z)3](ClO4)2 and [Fe(A)3](ClO4)2 show an almost flat magnetic susceptibility in the same 
range of temperatures. We explain the origin behind such differential behaviour through a 
detailed characterization of the compounds and an in depth computational study using 
multi-configurational wave function-based methods for [Fe(Z)3](ClO4)2, [Fe(M)3](ClO4)2 
only. We have used temperature-dependent experiments with a combination of single 
crystal crystallography, magnetic susceptibility and Mössbauer spectroscopy to unveil the 
spin states of both complexes.  
Mössbauer spectroscopy is a powerful tool in probing the oxidation and spin states 
of iron in coordination compounds. In particular, due to the isomer shift δ and the 
quadrupole splitting ∆EQ which presents significantly different values between iron(II)-HS 
and iron(II)-LS,33 we were able to unambiguously assign the spin state of [Fe(Z)3](ClO4)2, 
[Fe(M)3](ClO4)2 complex at different temperatures.  
We also have described the spin state energetics of these two complexes to settle 
the electronic structure of their ground state and evaluate the transitions to the first 
manifold of metal to ligand charge transfer (MLCT) states to resolve their UV-visible 
absorption spectra.  
Experimental section 
 
Syntheses of ligands 
 
All reagents were obtained from commercial sources and were used as received. 
Ligands Z, M and A were synthesized following an adaptation of the procedure described 








To a 25 mL round bottom flask, 2.60275 g (25 mmol) of 3-pyridine-carbonitrile, 10 
mL of methanol, and 0.47 mL of a 30% solution of NaOMe in methanol was added. The 
reaction mixture was stirred for 1 hour at room temperature. 2.72 mL (25 mmol) of 
aminoacetaldehyde dimethylacetal was added, followed by dropwise addition of 2.75 mL 
of glacial acetic acid. This mixture was heated to reflux for 30 minutes. After cooling to 
room temperature, 15mL of methanol and 12.5 mL of 6 molL-1 HCl were added, and the 
mixture was again heated to reflux for 5 hours. The solution was dried by evaporating and 
27.5 mL of freshly prepared warm solution of K2CO3 (1 g ml-1) was added, which formed 
a light red suspension. The resulting suspension was filtered and extracted with 50 ml of 
CH2Cl2. The red colored CH2Cl2 solution was evaporated to dryness. This resulting 
precipitate was crystallized in AcOEt, filtered and washed with Et2O and dried using 
vacuum. 
Yield: 60 %. Anal. Calcd. for (C8H7N3): C, 64.20; H, 5.05; N 28.08; found: C 65.58, 
H 5.06 and N 28.49. pKaH = 5.5 ± 0.07. 
 
Syntheses of the Fe(II) complexes 
 
Complexes were obtained using the procedure given by Stupka et. al.41 A solution 
of Fe(ClO4)2 · 6 H2O (41.7 mg, 0.115 mmol) in ethanol (2.5 mL) was added dropwise to a 
solution of (0.345 mmol, 50 mg) of the corresponding ligand in ethanol (2.5 mL). The color 
of the mixture turned immediately to violet in case of [Fe(Z)3]2+ (1), reddish orange for 
[Fe(M)3]2+ (2) and shocking pink for [Fe(A)3]2+ (3). Thereafter, the mixture was stirred for 
4 h and concentrated using rotary evaporator. The resulting concentrated solution was left 
in a refrigerator overnight, which resulted in a colored powder of the desired complexes. 
In both cases, the powder was filtered from the corresponding mixture, washed with Et2O 
and dried under reduced pressure. All the three complexes are soluble in water, ethanol, 






Figure 4.1. Synthetic route of Fe(II) complexes with ligands Z, M, A and Y. 
[Fe(Z)3](ClO4)2(1)  
Yield: 60% Anal. Calcd. for [Fe(C7H6N4)3](ClO4)2(H2O): C, 35.46; H, 2.83; N, 23.63. 
Found: C, 35.88; H, 2.8; N, 23.43. Molar conductivity in water: 230 S cm2 mol-1. FT-IR: 
637, 760, 1122, 1461, 1633, 3488 cm-1 (Appendix A1) Single crystals were obtained by 
slow diffusion of an acetonitrile solution of the complex into toluene at r.t. 
[Fe(M)3](ClO4)2(2)  
Yield: 64% Anal. Calcd. for [Fe(C7H6N4)3](ClO4)2(3H2O): C, 33.75; H, 3.23; N, 
22.49. Found: C, 34.09; H, 3.2; N, 22.08. Molar conductivity in water: 155.3 S cm2 mol-1. 
FT-IR: 626, 708, 1090, 1411, 1470, 1586, 3101, 3403 cm-1. (Appendix A2). Single crystals 
were obtained by slow evaporation of a solution of the complex in 1:1 mixture of ethanol 
and methanol at r.t. 
[Fe(A)3](ClO4)2(3)   
Yield: 59% Anal. Calcd. for [Fe(C7H6N4)3](ClO4)2 .4(H2O): C, 32.96; H, 3.42; N, 
21.96. Found: C, 33.21; H, 2.775; N, 22.13. ESI-MS (CH3OH): 247.05 [M+2]2+(Appendix 









Electronic spectra in the 190-1100 nm range were acquired by using a 1.00 cm 
quartz cuvette in a diode array HP8453 UV/Visible absorption spectrophotometer 
equipped with a HP89090A Peltier.  
Electrospray ionization mass spectrometry (ESI-MS) measurements were carried 
out using a Waters Quattro Micro API. Samples were evaluated in the positive mode in 
either 1:1 methanol: water solution with addition of 0.10% (v/v) formic acid or in 
acetonitrile. 
Elemental analyses for carbon, hydrogen and nitrogen were performed using a 
Perkin Elmer 2400 CHN analyzer. 
Conductivity measurements of the complex solutions were obtained using a 
LAB1000 conductometer and a standard platinum electrode cell with K = 0.1. Data were 
obtained with 10-3 mol L-1 aqueous solutions of the complexes.  
Potentiometric titrations were used to calculate the pKaH of the ligands using 827 
pH Lab Metrohm pHmeter and standard electrode using 1.12 × 10-2 mol L-1 HCl as titrant. 
Initial pH for ligands solutions were 6.82 and 7.78 for Z and M respectively.  
1H and 13C NMR spectra were acquired in deuterated dimethylsulfoxide (DMSO-
d6) solutions using Bruker Avance III 500 MHz (11.7 T) and 600 MHz (14.09 T) 
spectrometers.  
Infrared spectra were obtained with an Agilent Cary 630 FTIR spectrometer, using 
the Attenuated Total Reflectance (ATR) method, with a diamond cell. The spectra were 
recorded in 4000-400 cm−1 range, with 64 scans and a resolution of 4 cm−1. 
Temperature dependent DC magnetic susceptibilities were obtained from dried 
powder samples (ca. 50 mg) mounted in a sealed plastic sample holder on a Quantum 





magnetometer in the temperature range of 2–300 K under an applied field of 0.1 T. The 
magnetization data for samples were corrected by subtraction of the background due to 
the sample holder and also for diamagnetic contributions estimated by Pascal constants.42  
Mössbauer spectra were recorded in transmission geometry, using a 57Co/Rh 
source, with a 50 mCi of nominal starting activity. A closed cycle helium cryostat was used 
for low temperature measurements. The spectrometer was calibrated with a metallic iron 
foil as absorber at r.t. and the spectra were fitted taking the absorption lines as Lorentzian 
functions.  
Crystal structure determination  
Data collection for single crystals was performed with a Bruker Apex II CCD 
diffractometer using either Mo Kα (λ = 0.71703 Å) or Cu Kα (λ = 1.54178 Å) radiation. The 
Oxford Cryosystems controller was used in all cases. Unit cell dimensions and orientation 
matrices were determined by least squares refinement of the reflections obtained by φ-ω 
scans. The data were indexed and scaled with the ApexII Suite [APEX2 v2014.1-1 (Bruker 
AXS), SAINT V8.34A (Bruker AXS Inc., 2013)]. Bruker Saint and Bruker SADABS were 
used for integration and for scaling of data, respectively. Using Olex2,43 the structure was 
solved with the ShelXT 44 structure solution program using direct methods and refined 
with ShelXL45 by a full-matrix least-squares technique on F2. All non-hydrogen atoms 
were refined anisotropically and hydrogen atoms were added to the structure in idealized 
positions and further refined according to the riding model. 
Computational details  
We optimized the geometry of the mer-[Fe(M)3]2+ and mer-[Fe(Z)3]2+ complexes in 
vacuum using the density functional theory (DFT) with the PBE0 functional 46–48 and the 
Def2-TZVP basis set.49 The choice of the PBE0 functional is based on previous 
experience showing that it produces accurate molecular structures of transition metal 
complexes.50–52 Since the mer-isomers have no spatial symmetry (C1) due to the 
orientation of the three bi-dentate ligands (M or Z), all calculations are performed without 
symmetry constraints. The character of stationary points on the potential energy surface 





entropy of the spin transition is calculated taking into account the electronic and vibrational 
contributions, as the rotational and translational ones are expected to be 
negligible, ∆𝑆𝐻𝐿
0 (𝑇) = ∆𝑆𝐻𝐿
𝑒𝑙𝑒 + ∆𝑆𝐻𝐿
𝑣𝑖𝑏(𝑇). ∆𝑆𝐻𝐿
𝑒𝑙𝑒 for a singlet-quintet spin transition is 1.1 cm-1 
K-1. ∆𝑆𝐻𝐿
𝑣𝑖𝑏(𝑇) of [Fe(M)3]2+ at  𝑇1/2
 = 241 𝐾 was obtained from thermodynamic calculations 
at the DFT/PBE0 level with a scaling factor 0.9914, resulting in ∆𝑆𝐻𝐿
𝑣𝑖𝑏(𝑇1/2
 ) = 6𝑐𝑚 
−1𝐾 
−1  
= 6 cm-1 K-1. The DFT/PBE0 calculations were carried out with the TURBOMOLE v6.4 
package.53 We evaluate the spin state energetics and the metal centered transitions of 
[Fe(M)3]2+ and [Fe(Z)3]2+ by means of the complete active space second-order 
perturbation theory (CASPT2),54,55 using a complete active space CAS[10,12] formed by 
10 electrons in 12 MOs that we built following established procedures.56,57 The 12 active 
MOs are five Fe(3d)-like orbitals, plus five Fe(4d)-like orbitals to account for the so-called 
double shell effect58 and two σ-type orbitals on the coordinating N atoms to account for 
the σ-donation. The π-backdonation from π∗ orbitals of the ligands is negligible on the 
lowest spin states of both complexes. All CASPT2 calculations are performed with a basis 
set of the ANO-RCC type contracted to 7s6p5d3f2g1h for Fe, to 4s3p2d1f for N and C, 
and to 3s1p for H.59,60 Scalar relativistic effects were included using the standard 2nd-
order Douglas-Kroll-Hess Hamiltonian.61 The CASPT2 calculations use the default IPEA 
shift of 0.25 hartree 62 and an imaginary shift of 0.1 hartree to avoid possible weak intruder 
states.63 All valence electrons and Fe(3s,3p) semi-core electrons are correlated at the 
CASPT2 level. The two-electron integrals are decomposed by means of the Cholesky 
technique with a threshold of 10-6 hartree.64 The electronic structure calculations are 
carried out with the molcas 8 package.65 We expand the CAS[10,12] into a CAS[10,15] by 
adding the lowest π∗ orbital of each ligand. This CAS[10,15] allows us to estimate the 
vertical transitions in the Frank Condon region to the first manifold of MLCT states, which 
might be responsible for the absorption band at 510 nm of [Fe(Z)3]2+. These excitations 
consist of spin-allowed electron transfers from the doubly occupied Fe(3d)-like MOs to 
one π∗ MO localized on a M or Z ligand. Hence, the size of the manifold depends on the 
total spin of the electronic state of departure, which varies from only one possible electron 
transfer per ligand for 5HS, to three MLCTs per ligand for 1LS. It is imperative to use a set 
of MOs fully adapted to the charge transfer states to properly describe the rearrangement 





used two different sets of MOs to evaluate each MLCT excitation. The ground state is 
described by a set of orbitals resulting from a state-specific CAS[10,12]SCF calculation, 
whereas the MOs for the MLCT states are obtained from a CAS[10,15]SCF state-average 
including exclusively the MLCT excited states of the manifold in the orbital optimization 
procedure. Hence, the manifold of nine singlet MLCTs (three transitions per ligand) is 
described with a unique set of MOs obtained from a state-average of those nine MLCT 
excited states, while for the 5HS we used a state-average of three quintet MLCTs (one 
transition per ligand). Additionally, since the two states involved in the MLCT transitions 
are described with different MO sets, we performed a state-interaction (SI) step to ensure 
the orthogonality and estimate their oscillator strength.68 Since the characterization of the 
complexes is done in methanol, we included the solvent effects in the electronic structure 
calculations through a polar continuum model (PCM) 69 with the dielectric constant of 
methanol (32.63) and a surface element average area of 0.4 Å2. The charge transfers are 
fully localized on single ligands and hence, each MLCT transition can be clearly identified 
based on their induced polarization. Therefore, we treat all transitions to the same ligand 
molecule with a specific PCM that has its fast response component equilibrated to one of 
those states. For instance, the nine 1MLCT transitions of [Fe(Z)3]2+ form three groups of 
three charge transfers to each Z ligand. Since all transitions to the same ligand induce the 
same qualitative polarizations, we used a common PCM for each of those three groups. 
Results and discussion 
 
The complexes were synthesized using an adapted procedure from Stupka et al. 
with iron(II) perchlorate.73 Reaction kinetics were quick and the colour changed 
immediately after the addition of the metal salt to the ligand solution. The complexes were 
obtained as colored powders. Hence, their electronic spectra are expected to be very 
distinct from one another, even though they are isomers. Another important feature of the 
complexes is their 1H-NMR spectra showing broad bands preventing peak assignment, 






Magnetic susceptibilities and Mössbauer spectra  
 
Figure 4.2 shows the temperature dependency of the χMT product for Z and M 
complexes in the 2-300 K range. Both samples are paramagnetic with χMT larger than 
zero in all range but with very different temperature dependencies. At 300 K, 
[Fe(M)3](ClO4)2 has a χMT value approximately 12 times larger than [Fe(Z)3](ClO4)2, which 
decreases until 100 K, where χMT becomes similar to the Z complex. The behaviour of 
[Fe(M)3](ClO4)2 is indicative that a HS species predominates at r.t. with an incomplete 
conversion to a LS species upon cooling. Inspection of the curve below 20 K hints at a full 
depopulation of the HS state as the temperature is decreased. Although this decrease is 
more pronounced for [Fe(M)3](ClO4)2, the same trend is observed for [Fe(Z)3](ClO4)2, 
indicating that the ground state for both complexes is a singlet state at 0 K, and the 
paramagnetic nature of the samples is a consequence of thermal population of low-lying 
excited states. Although a plateau is not observed at higher temperatures, the χMT value 
for [Fe(M)3](ClO4)2 tends to the value expected for an ideal Oh 5T2g state (HS state). Taking 
this into account and considering that the χMT value for the ground state is zero, the molar 
fraction of the 5HS species (γHS) can be calculated as a function of temperature using the 
theoretical values for the ideal 5T2g state. The theoretical fit is a sigmoidal curve and 
reproduces very well the experimental χMT data with RMS deviation of 0.30 cm3 K mol-1 






Figure 4.2. Temperature dependence of χMT product for [Fe(M)3](ClO4)2 and 
[Fe(Z)3](ClO4)2 in the 2-300 K range. The theoretical fitting of the curve exhibiting spin 
transition corresponds to an equilibrium between 1LS and 5HS Fe(II) states with T1/2 = 241 
K. The ideal Oh curve was simulated using van Vleck’s equation for a 5T2g ground state 







Figure 4.3. 5HS molar fraction (γHS) calculated for [Fe(M)3](ClO4)2 and [Fe(Z)3](ClO4)2 




+ 0.0673. The error bars in the Mössbauer data are assumed to be 
10%.  
The sigmoidal behaviour of the spin conversion is an indication that a 1LS-5HS 
equilibrium is in operation with a T1/2 = 241 K (the derivative of the experimental curve 
gives a broad maximum ranging from 210 to 250 K). Since no spin conversion is observed 
for the [Fe(Z)3](ClO4)2 complex, a fitting could not be performed but if the theoretical 5T2g 
values are used, the 5HS state is in very low concentration in all studied temperatures, 
e.g. 1.4% at 2K and 6.0% at 300 K. 
The nature of the spin states of these species was confirmed by Mössbauer 
spectroscopy at two different temperatures. The spectra shown in Figures 2.8a and 2.8b 
were fitted using one or two doublets and the hyperfine parameters are listed in Table 2.7. 





low temperatures. The [Fe(Z)3](ClO4)2 complex (Figure 2.8b) has only one iron(II) site, 
isomer shift value of which may be attributed to a 1LS state. The spin configuration does 
not change decreasing the temperature down to 22K, as it can be verified by the small 
variation of the ∆ and δ hyperfine parameters. The low isomer shift (δ) increase with 
decreasing temperature is due to second order Doppler effect.74 The absence of the 5HS 
doublet in this case may be explained by the very low concentration of the 5HS species in 
the studied temperatures. It is clear from Figure 2.8a that complex [Fe(M)3](ClO4)2 
presents two doublets, confirming the coexistence of two different spin states at both 
temperatures. Doublet A always exhibits a large splitting (δ ≥ 1:00 mm s-1) consistent with 
a 5HS, whereas doublet B presents an isomer shift typical of a 1LS. At room temperature, 
the HS area AHS/Atot was found to be 64.5%, decreasing to 9.8% upon cooling to 22K. 
From the fitting of the magnetic curve, the 5HS molar fraction was calculated as 72.2% 
and 6.8%, respectively, in very good agreement. Again, the δ increase is accounted on 
the second order Doppler effect, for both doublets. A pronounced change in the 
quadrupole splitting was found to accompany the spin conversion. This large quadrupole 
splitting found for 5HS (∆EQ > 2 mm s-1) indicates a strong electric field gradient 
permeating the iron atom, suggesting a distorted 5HS octahedral complex. It is also worth 
noting that the sub-spectral areas change significantly from r.t. down to 22 K, clearly 
indicating a HS–LS crossover under decreasing temperature, in agreement with the χM T 
× T curve (Figure 2.7).  
Table 4.1. Hyperfine parameters for [Fe(M)3](ClO4)2 and [Fe(Z)3](ClO4)2 at 22 K and 300 
K.  
   HS (mm s-1) LS (mm s-1) 






1.00   2.04      0.51 
1.30   2.37      0.84 
0.31   0.34     0.41 






-           -             - 
-          -              - 
0.32    0.53    0.27 






Provided that a spin conversion is observed (as for [Fe(M)3](ClO4)2) and assuming 
that the system can be described by a regular-solution model,75 thermodynamic 
parameters can be obtained using Equation 1, in which ∆𝐻𝐻𝐿
0  denotes the difference in 
enthalpy between the LS and HS states and Γ is the interaction energy concerning 






Figure 4.4. Mössbauer spectra recorded at 300 K and 22 K of a) [Fe(M)3](ClO4)2 fitted 
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                                 (1) 
Using the fitted molar fraction curve (Figure 2.6), a linear fit of Equation 1 with R2 
= 0.9996 in the 200-300 K range results in ∆𝐻𝐻𝐿
0  = 853 ± 3 cm-1 (10.21 ± 0.03 kJ mol-1), 
∆𝑆𝐻𝐿
0 = 3.35 ± 0.01 cm-1 (40.0 ± 0.1 J K-1 mol-1) and Γ = 0 for the spin conversion in 
[Fe(M)3](ClO4)2. The absence of an interaction term for the process (Γ = 0) means that it 
corresponds to a true spin-state equilibrium. Moreover, the enthalpy change is close to 
usual values (800–1600 cm-1). However, the entropy change is less than the typical 4–6 
cm-1 K-1 range observed in other Fe(II) systems.76 Since the magnetic contribution to the 
entropy change associated only with spin can be estimated by ∆Sspin = R[ln(2S + 1)HS - 
ln(2S + 1)LS] ≈ 1.1 cm-1 K-1,33 the low value found for [Fe(M)3](ClO4)2 may indicate that the 
LS–HS conversion in this case is not accompanied by important changes in the crystal 
packing of the system, e.g. in cases in which conversion is accompanied by important 
lattice changes (due to solvent molecules), ∆𝑆𝐻𝐿
0  can become higher than 120 J K-1 mol-
1.77 This interpretation is corroborated by crystallographic data that will be discussed in 
the next section. All these observations can lead us to the conclusion that for 
[Fe(M)3](ClO4)2, the calculated ∆𝐻𝐻𝐿
0   value is a very good estimate for the energy 
difference between the 5HS excited state and the 1LS ground state (∆𝐻𝐻𝐿
0 ) of the system. 
Unfortunately, the lack of spin conversion for [Fe(Z)3](ClO4)2 in the temperature range 
used in the experiments prevents the calculation of thermodynamic data for this complex. 
However, if we consider that γHS for this sample at 300 K is close to values observed for 
[Fe(M)3](ClO4)2 below 20 K, one can speculate that the spin transition in this sample would 
be hypothetically observed at temperatures not lower than 600 K. Assuming an equal 
∆𝑆𝐻𝐿
0 = 3.4 cm-1 K-1, this brings an estimate of ∆𝐻𝐻𝐿
0   ≈ 2000 cm-1 (24 kJ mol-1) for 
[Fe(Z)3](ClO4)2, in very good agreement with the highest values in the usual observed 
range for Fe(II) complexes. 
Magnetic measurements for the complex Fe(A)3 were also acquired and found to 
show a behavior similar to that of complex [Fe(Z)3](ClO4)2. The magnetic measurements 





complexes of the series, and to get an idea about how the ligand Y change the magnetic 
behaviour. 
 
Figure 4.5. Temperature dependence of χMT product for A and Y complex.  
Figure 4.5. shows the temperature dependency of the χMT product for both 
complexes in the 2-300 K range. Both samples are paramagnetic with χMT larger than 
zero in all range but with very different temperature dependencies. At 300 K, 
[Fe(Y)3](ClO4)2 has a χMT value larger than [Fe(A)3](ClO4)2, which decreases until 2 K. 
The behaviour of [Fe(Y)3](ClO4)2 is indicative that a HS species exists at a temperature 
above 300K, which converts to a LS species upon cooling. The curves hints at a full 
depopulation of the HS state as the temperature is decreased. However, this decrease is 









Single crystals were obtained for the M and Z complexes that crystallized in 
monoclinic P21/c space group (Table 4.8) and data analysis confirms that only the 
meridional isomer is present in the samples. 
Table 4.2. Crystallographic data for complexes [Fe(M)3](ClO4)2 and [Fe(Z)3](ClO4)2 
Compound [Fe(Z)3](ClO4)2 [Fe(M)3](ClO4)2 [Fe(M)3](ClO4)2 
Chemical formula 
FeC21H18N12O8Cl2(H2O)0.268 FeC21H18N12O8Cl2 FeC21H18N12O8Cl2 
Molecular weight (g mol-1) 698.04 693.22 693.22 
Temperature (K) 150.00 150.00 296.00 
Wavelength (λ) Mo Kα 0.71073 Cu K α1.54178 Cu K α1.54178 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P21/c P21/c P21/c 
a(Å) 15.9269(18) 17.4833(6) 17.710(2) 
b(Å) 9.8374(11) 12.8960(5) 13.1791(16) 
c(Å) 17.1276(19) 12.08929(4) 12.1886(12) 
β(˚) 101.289(2) 90.716(2) 90.569(6) 
V(Å3) 2631.6(5) 2724.05(17) 2844.7(5) 
Z 4 4 4 
ρcalcul.(g cm-1) 1.762 1.690 1.619 
F(000) 1419 1408 1408 
μ (mm-1) 0.85 6.89 6.59 
θ range (˚)  2.4-27.8 30.1-98.1 8.4-134.3 
Ref. 
collected/independent  37738/6279 38366/4976 33446/5084 
Rint 0.027 0.061 0.052 
Data/restraints/parameters 
6279/281/578 4967/688/503 5084/509/627 
R1[F2>2σ(F2)], wR2(F2) 0.051,0.115 0.078, 0.218 0.078, 0.241 
Diff. peak and hole (e Å-3) 0.41, -0.54 0.54, -0.64 0.58, -0.45 
Goodness-of-fit on F2(S) 1.19 1.05 1.03 
CCDC number 1842589 1842593 1842592 
    
 
Molecular packing in both samples is very similar revealing that there are no H-
bonding networks between cationic units as it can be seen by comparison of Figures 4.6 





close to one another yielding similar values for calculated densities. This reinforces the 
conclusion that their contrasting magnetic behaviour is not related to differences in 
packing effects of the crystals. 
For the [Fe(M)3](ClO4)2 sample, data collection was performed at 150 and 296 K 
using the same single crystal. As expected, heating of the sample yields an expansion of 
the cell (4.4% in volume) but apart from that, no other important difference is observed 
when comparing the two unit cells (Figure 4.6a and 4.6b). Atomic positions remain almost 
the same but thermal ellipsoids increase as expected for higher temperatures (Figure 4.6c 
and 4.6d). 
 
Figure 4.6. Crystal structure of [Fe(M)3](ClO4)2 in two different temperatures measured 
from the same single crystal. Unit cell packing along the b axis at a) 150 K and b) 296 K. 
Ortep diagram at 50% probability with atom numbering in which hydrogen atoms and 
perchlorates were omitted for clarity at c) 150 K and d) 296 K. e) Overlay of the cations 





Another important fact is that the shortest Fe–Fe distances are very long to be considered 
as a mechanism for magnetic interactions. 
 
At 150 K the distance is 7.247 Å and it increases to 7.347 Å at r.t. This is also in 
agreement with the value predicted for Γ using equation 1, as discussed in the previous 
section. A direct Fe–Fe interaction can also be ruled out for complex [Fe(Z)3](ClO4)2 since 
the metal–metal distance is even longer for this sample (8.564 Å) probably induced by the 
higher β angle in comparison with [Fe(M)3](ClO4)2. 
 
Figure 4.7. Crystal structure of [Fe(Z)3](ClO4)2 at 150 K. a) Ortep diagram at 50% 
probability with atom numbering in which hydrogens were omitted for clarity and b) unit 
cell packing along the b axis. 
Considering that the two selected temperatures encompass the observed spin 
transition for [Fe(M)3](ClO4)2, the subtle changes in atomic positions is in very good 
agreement with the low value for the entropy change calculated from magnetic data. 
Moreover, it confirms that the spin transition is not triggered by changes in the packing of 





[Fe(M)3](ClO4)2 structures at low and high temperatures is the change in the Fe(II) 
coordination sphere. Increasing the temperature changes bond distances and angles and 
this can fully account for the magnetic behaviour of this sample. Similar distortions were 
observed for other SCO complexes with N-heterocycle chelating ligands.19 As expected, 
the complexes have distorted octahedral coordination spheres because of the bidentate 
nature of the ligands. The meridional configuration is the only one observed requiring that 
two imidazole units are trans to each other while the third is trans to a pyrimidine unit. This 
results in different bond distances for similar units in both cases. Figures 2.10c and 2.10d 
show the FeN6 distorted octahedral arrangement of the cationic [Fe(M)3]2+ species at 150 
K and 296 K. An overlay of the two structures is also depicted in Figure 4.6e and reveals 
that upon heating, bond distances increase accompanied by a distortion in bond angles 
specially in the case of one of the ligands. This increase can also be confirmed by the 
selected mean values for bond distances and angles that are summarized in Table 4.3. 
Coordination bond distances are very similar at 150 K, but remarkably Fe–Ndiazine is a little 
bit longer than Fe–Nimidazole, which is an asymmetry that reflects the stronger bond with 
imidazole and also a stronger electron-donor character of imidazole. The same trend was 
observed in copper(II) complexes of the ligands.35 Moreover, the mean values of the 
coordination bonds are comparable with those reported for other related Fe(II) low spin 
complexes like [Fe(bpz)3]2+ and [Fe(bpym)3]2+ (with 2,2’-bipyrazine and 2,2’-
bipyrimidine).74,75 Thus, the crystallographic data at 150 K and the Mössbauer spectrum 
of this sample at low temperature unambiguously correspond to a low spin state for this 
complex. Data at 296 K indicate the elongation of all bond distances, in complex [Fe(M)3]2+ 
which is consistent with a transition from 1LS to 5HS Fe(II), yielding a more distorted 
structure probably due to a Jahn-Teller effect in the 5HS. 
 
The [Fe(Z)3]2+ complex has a coordination sphere very similar to the one of 
[Fe(M)3]2+ at 150 K, indicative of the low spin nature of this sample as well, in agreement 
with the magnetic and Mössbauer results. However, Fe-N distances are shorter for the 







Table 4.3. Characteristic geometrical parameters (mean values) of the [Fe(M)3]2+ and 
[Fe(Z)3]2+ complexes obtained from single-crystal X-ray diffraction (XRD) and at the 
DFT/PBE0 level in the singlet (1LS) and quintet (5HS) states. 
 
     [Fe (M)3]2+ 
       XRD                  DFT 
150 K    296 K    1LS        5HS 
 
[Fe (Z)3]2+ 
     XRD             DFT 
     150 K     1LS       5HS 
d(Fe-Nimidazole)(Å) 1.98     2.12        1.99     2.16      1.96       1.98     2.15 
d(Fe-Ndiazine)(Å) 2.00     2.15        2.03     2.28      1.96       2.02     2.27 
Bite angle (˚) 81.2    78.2         81.2      76.3      81.5       80.9     75.6 
Interligand angle (˚) 93.2    94.6         93.1      95.0       92.8       93.2     95.2 
 
 
Spin State Energetics 
 
We quantified by computational means the spin state energetics of these 
complexes to get insight into the electronic factors affecting the spin crossover in 
[Fe(M)3]2+. We optimized the molecular structure of mer-[Fe(M)3]2+ and mer-[Fe(Z)3]2+ with 
DFT and the PBE0 functional. The bond distances and angles of the structures in silico 
properly reproduce the features observed in the XRD results (Table 2.9). The comparison 
of ∆𝐻𝐻𝐿
0  obtained from the DFT calculations performed in vacuum with the one extracted 
from the Mössbauer spectra can shed light onto the role played by the crystal packing in 
[Fe(M)3]2+, which is known to largely affect spin state energetics.76 ∆𝐻𝐻𝐿
0  in thermodynamic 
equilibrium is related to the entropy change of the spin transition (∆𝑆𝐻𝐿
0  (𝑇1/2
 )) by ∆𝐸𝐻𝐿
0  ≈ 
∆𝐻𝐻𝐿
0  = 𝑇1/2
  ∆𝑆𝐻𝐿 
0 (𝑇1/2
 ).19,81 From the experimental transition temperature of [Fe(M)3]2+ 
(T1/2 = 241 K), the calculated  ∆𝑆𝐻𝐿 
0  (241 K) in vacuum is 7 cm-1 at the DFT/PBE0 level, 
resulting in ∆𝐻𝐻𝐿
0 = 1728 cm-1, a positive (and small) energy indicating a 1LS ground state 
at 0K for this complex. The ∆𝐻𝐻𝐿
0  of [Fe(M)3]2+ in vacuum is twice as large as in the solid 
state (853 cm-1), which is directly related to two times larger ∆𝑆𝐻𝐿 
0 (𝑇1/2
 ) for the complex in 
vacuum. Therefore, although the spin transition in [Fe(M)3]2+ does not involve changes in 





vibrational modes of the molecule and reducing the entropy gain associated with the spin 
transition.  
UV-Visible Spectroscopy  
 
Figure 4.8 shows the UV-visible absorption spectra of [Fe(M)3](ClO4)2 and 
[Fe(Z)3](ClO4)2 recorded in methanol. The two isomers show distinctive features, which 
might go beyond the structural differences between them and reflect the uneven presence 
of different spin states observed in the magnetic and Mössbauer experiments at r.t. The 
spectra of both complexes are dominated by intense absorptions in the 300 nm region 
originating from intra-ligand transitions (IL). The change of ligands from Z to M blue-shifts 
the main peak of the IL band from 320 nm to 280 nm. This increase in energy reflects the 
larger electron-acceptor character of the Z ligand, which was also hinted by its lower pKa 
value. Furthermore, the [Fe(Z)3](ClO4)2 complex has a less intense and broad band in the 
400-600 nm region of the spectrum that is completely missing for [Fe(M)3](ClO4)2. 
Conversely, the spectrum of the M complex has a very weak absorption as a shoulder of 
the IL band at 340 nm. The assignment of these low energy bands is done by 
computational means, taking into account the presence of both 1LS and 5HS species and 
evaluating the MLCT transitions from the occupied Fe(3d) orbitals to the Z/M (𝜋 
∗), which 
we suspect to be behind those weaker bands in the spectra. We explored the vertical 
MLCT transitions by means of the CASPT2 method. Based on the magnetic and 
Mössbauer data, we described the first quintet MLCT manifold of [Fe(M)3]2+, as the 5HS 
species should be the dominant species under the conditions of the UV-visible spectrum, 
and we calculated the MLCTs from both the 1LS and 5HS states of [Fe(Z)3]2+, as the 1LS 








Figure 4.8. UV-visible absorption spectra of [Fe(M)3](ClO4)2 (red) and [Fe(Z)3](ClO4)2 
(black) in methanol. 
Figure 4.9 compares the transition energies and oscillator strengths of the MLCTs 
calculated for both complexes with their absorption spectra in the 300-700 nm region. The 
manifold of 5MLCTs is formed by three states where one electron is transferred to each 
one of the three ligands, i.e. a [𝑡2𝑔
3 𝑒𝑔
2𝜋 
∗1] electronic configuration. The difference in energy 
between these states is 300 cm-1 or less for both complexes, a consequence of the weak 
distortion from the ideal Oh coordination environment. 
The 5MLCTs are weakly affected by the PCM (methanol) solvent model, being red-
shifted by ∼1000 cm-1 for [Fe(M)3]2+ and twice as much for [Fe(Z)3]2+. This weak sensitivity 
to the polar solvent was observed for other Fe(II) complexes with similar chelating ligands 
as well 82 and justifies the use of a relatively simple solvent model without explicit solvent 
molecules.83 The varying strength of the solvent effects on both complexes M and Z is 
related to the dipole moment of the states involved in the charge transfer. Even though 





5HS ground state becomes less polarized, from 3.56 D on [Fe(M)3]2+ to 1.01 D on 
[Fe(Z)3]2+. The larger dipole moment of the 5HS state of the M complex polarizes the 
solvent in the (0, 0, z) direction and hinders its capacity to adapt to induced polarizations 
in different directions. This phenomenon manifests the most on its lowest 5MLCT (root 6), 
which has the weakest solvent shift of the group as it induces a (0, 0, -z) polarization that 
is practically opposite to that of the 5HS ground state. Moreover, the 5MLCT states of 
[Fe(Z)3]2+ induce a larger polarization on the complex and are more diverted towards the 
pyrazine moiety than the 5MLCTs of [Fe(M)3]2+, as illustrated in Figure 4.9 where the 
vectors representing the induced polarization of each 5MLCT are closer to the center of 
the pyrazine ring in [Fe(Z)3]2+. Thus, these results confirm the role of the diazine as π-
acceptor and agree with our pKa results pointing out the stronger electron-acceptor 
character of the Z ligand. 
 
Figure 4.9. MLCT transitions from the 5HS state of [Fe(M)3]2+ (red) and the 5HS and 1LS 
states of [Fe(Z)3]2+ (gray, black) compared to the experimental data (Figure 4.8). The 
absorbance of the spectra is adjusted based on the maximum of the [Fe(Z)3]2+ band at 









∗1] electronic configuration. These transitions appear around 5500 cm-1 lower in 
energy than the 5MLCTs and cover a range of energies of 3552 cm-1. 
Since both the 1LS and 5HS states of the Z complex and their respective MLCT 
states have similar dipole moments, the inclusion of the PCM (methanol) induces a red-
shift to the 1MLCTs similar in magnitude to the 5MLCTs of the same complex. The 
transition energies and oscillator strengths of the 1MLCTs agree very well with the band 
at 510 nm of the [Fe(Z)3]2+ spectrum. The 5MLCTs are higher in energy and are not as 
intense as the band at 510 nm. Nevertheless, some amount of HS complex is clearly 
present in the sample as the signal seems to have a non-zero bottom line in the position 
of the 5MLCTs, which agrees with the paramagnetic behavior observed in its 1H-NMR 
spectrum in solution and also with the magnetic measurements in the solid state. The 
current approach cannot describe the large broadening of the 1MLCT band as it depends 
on dynamical conformational distortions of the complex.80 Nonetheless, the major 
contributions to this band come from a few transitions of the manifold, which have an 
optimal overlap between the Fe(3d-𝑡2𝑔
 ) and the Z(𝜋 
∗) MOs involved in the charge transfer. 
The 5MLCTs show a similar behavior, as only two 𝜋 
∗ orbitals have the proper orientation 
to overlap with the single Fe(3d-𝑡2𝑔
 ) orbital doubly occupied. Thus, the intense 5MLCT 
states induce an enhancement of the π-backdonation between the Fe(3d-𝑡2𝑔
 ) and 𝜋 
∗ 
orbitals involved in the transition, while the dark 5MLCT induces 𝜋 
 -backdonation to 
another Fe(3d-𝑡2𝑔
 ) orbital not involved in the MLCT. Hence, only two 5MLCT intense 
transitions at 364 nm and 366 nm contribute to the absorption spectrum of [Fe(M)3]2+ and 
form the shoulder observed at 360 nm.  
Ligand Field  
 
Given the weak distortion of [Fe(M)3]2+ and [Fe(Z)3]2+ from an ideal octahedral 
coordination, we can qualitatively evaluate their ligand field parameters from the ligand 
field expression for an octahedral d6 complex. We have performed CASPT2 calculations 
of the spin-allowed metal-centered transitions from the 1LS and 5HS states of both 





and averaged the energy of the electronic states belonging to the same electronic Oh 
term. For the low spin complexes, the ligand field strength 10Dq and the Racah parameter 
B may be obtained from the following equations: E(1T1g) - E(1A1g) = 10Dq - C, E(1T2g) - 
E(1A1g) = 10Dq + 16B - C. Assuming (C=B) = 4.1 (i.e. the Fe(II) free-electron value), we 
obtained 10Dq = 17364 cm-1 and B = 515 cm-1 for [Fe(Z)3]2+, whereas 10Dq = 16546 cm-
1 and B = 499 cm-1 for [Fe(M)3]2+. The large reduction of B in both cases compared to the 
free Fe(II) cation (B = 1058 cm-1) 85 indicates that the M and Z ligands induce a strong 
nephelauxetic effect. The larger 10Dq value of [Fe(Z)3]2+ confirms the larger stabilization 
of the singlet state by the Z ligand as it induces a stronger ligand field splitting than M by 
818 cm-1 in this state, as anticipated by their pKa values. For a high spin d6 complex, the 
value of 10Dq is directly related to the 5T2g→ 5Eg transition energy (10Dq = E(5Eg) - E(5T2g)) 
and diminishes to 10243 cm-1 for [Fe(Z)3]2+ and 9936 cm-1 for [Fe(M)3]2+. As expected, the 
stronger field of Z is maintained, but only by 307 cm-1 in the high spin state. Thus, 
isomerization between Z and M has a negligible impact on the nephelauxetic effect of the 
ligand, but the slightly stronger ligand field of Z is sufficient to stabilize the 1LS state and 











Figure 4.11. Induced polarization in eÅ (red) by the charge transfer to the manifold of 
quintet MLCTs in [Fe(M)3]2+ (top) and [Fe(Z)3]2+ (bottom) in methanol. The vectors reflect 
the change in dipole moment associated with each of the three 5HS → 5MLCT transitions 
and are superposed to the molecular structure illustrating the regions involved in the 
charge transfer.  
The complex [Fe(A)3](ClO4)2 was not studied using DFT and Mössbauer 
spectroscopy, however, the other results are discussed as follows. 
Electronic Absorption Spectra of [Fe(A)3](ClO4)2 were obtained in 10-3 M aqueous 





514 nm and 421 nm with molar absorptivity values of 5.351x103 and of 2.047x103 
respectively, which probably depict the metal to ligand charge transfer (MLCT). Two 
hypotheses have been proposed to justify the presence of two MLCT bands;  
1. The two bands here may represent MLCT for each of the two isomers, one of which 
is showing lower absorbance (421 nm) and hence could be an indication to the fact 
that it is statistically produced in low yield as compared to the other isomer.  
2. In case of the obtainment of only meridional isomer as revealed from the crystal 
structures of the previous Fe(II) complexes of the series, two of the ligands could 
be positioned in a different way than the other and hence could give rise to two 
different MLCT bands depending on different energies of the ligands positioned 
differently. The MLCT band at 514 nm could represent transitions to the two ligands 
positioned alike whereas the band at 421 nm could be assigned to the ligand 
arranged differently with respect to others.  




∗1] electronic configuration. These transitions appear around 5500 cm-1 
lower in energy than the 5MLCTs and cover a range of energies of 3552 cm-1. 
 
Figure 4.12. Electronic absorption spectra of concentrated (left) and diluted (right) 





When the solution was further diluted to record absorbance for the ligand-based 
transitions, the bands mentioned earlier disappeared and a new band appeared at 282 
nm with a molar absorptivity value of 3.126x104, which was attributed to the inter-ligand 
transitions. The complex [Fe(A)3](ClO4)2 shows intense MLCT transitions at 514 nm 
which is red-shifted as compared to the MLCT transitions observed in other complexes 
of the series. According to our hypothesis, the ligand A is a stronger electron donor 
compared to the other ligands Z and M. The ligand A strongly destabilizes the dπ 
(HOMO) than the π* of the ligands (LUMO), which enhances the energy of HOMO and 




We have shown that the different magnetic and spectroscopic properties of two 
Fe(II) complexes obtained from two constitutional isomers of the 2-(1H-imidazol-2-
yl)diazine ligand originate from the subtle differences in their electronic structures rather 
than crystal packing. A combination of an electron-rich σ-donor imidazole moiety with an 
electron-deficient π-acceptor diazine moiety can be used to tune the SCO in 
[Fe(M)3](ClO4)2 with a spin transition at 241 K, whereas [Fe(Z)3](ClO4)2 shows a stable 
magnetic behaviour in the 0-300K range of temperatures. Complex [Fe(A)3](ClO4)2 shows 
an almost similar flat magnetic behavior. The interpretation of the magnetic susceptibility 
data is straightforward and was corroborated by temperature-dependent Mössbauer 
spectra that reveal an equilibrium between the quintet and singlet species in the SCO 
system for the complex [Fe(M)3](ClO4)2. Thermodynamic treatment of the magnetic data 
gives ∆H0 = 10.21 ± 0.03 kJ mol-1 and ∆S0 = 40.0 ± 0.1 J K-1 mol-1 for the spin transition 
between these states. The temperature-dependent single crystal study of [Fe(M)3](ClO4)2 
confirmed that the changes in unit cell packing as a consequence of temperature are 
negligible, explaining the low value for the calculated ∆S0 and pointing out to a change in 
the coordination sphere around the Fe(II) center. It revealed that an expansion of the 
pseudo-octahedral coordination sphere on the LS-HS transition in case of complex 





by DFT geometry optimizations, showing that the metal–ligand bonds are enlarged by 
∼0.1 Å as a function of temperature and spin-change. 
Using CASPT2 calculations, we were able to resolve the UV-visible spectra of the 
[Fe(Z)3](ClO4)2 and [Fe(M)3](ClO4)2 complexes to verify the picture drawn from the spin 
state energetics. The [Fe(Z)3](ClO4)2 complex has a broad and relatively intense 
absorption band at 510 nm formed by spin allowed transitions from the 1LS state to the 
lowest 1MLCT manifold that is almost missing in the spectrum of [Fe(M)3](ClO4)2 (it 
appears as a very weak band in concentrated solutions).  
Conversely, the latter has a weak absorption at 360 nm, appearing as a shoulder 
of the intense IL band, that rises from spin allowed transitions from the 5HS to the lowest 
5MLCT manifold. Thus, the UV-visible spectra are composed by both 1LS and 5HS species 
in different proportions in [Fe(Z)3](ClO4)2 and [Fe(M)3](ClO4)2 at room temperature. 
Ligand-field parameters obtained with CASPT2 confirms the strong nephelauxetic effect 
of the ligands and the stronger field for Z revealed by its larger 10Dq value. Hence, the 
change of position of the diazinic N does not produce large structural distortions on the 
complexes, but induces a weak change of ligand field that explains the SCO in only one 
of their complexes ([Fe(M)3](ClO4)2). Achieving a fine control over the electronic and 
magnetic macroscopic properties of such complexes is a long-term challenge that 
requires a very deep understanding of the complex structure-function relationships behind 
such phenomena. The relatively small modifications induced by the Z, M and A ligand 
isomerization are a step forward in that sense that highlight their potential to finely tune 
the ligand field of these complexes and ultimately control their macroscopic properties. 
The SCO temperature, magnetic behavior in general and the rest of the discussion leads 
us to develop the following order of the ligand field strength. 
 
M < Y ~ A < Z 
Essentially the same ligand field order was found with the exception of the position of the 













Electronic absorption spectroscopy of Ni 
complexes and ligand field splitting by a 













  Polypyridyl ligands like bipyridine, terpyridine and phenanthroline hold great 
importance based on their ability to form stable complexes with various metal centers and 
affect the optical and electrochemical properties depending on their structure and 
functionalization with various electron donating and electron withdrawing groups. 1,2,3  
These polypyridyl ligands have σ-donor, π-donor and π-acceptor properties by 
virtue of the lone pairs of nitrogen atoms, π-electron rich rings like imidazole, and π-
electron deficient rings like pyrazine, pyrimidine, and pyridazine.4,5 Pyrimidine, pyridazine 
and pyrazine are the diazines that have better pi-acceptor properties than the pyridine, 
hence bipyrimidine, bipyridazines and bipyrazine have also been investigated as good 
ligands for coordination complexes along with many other heterocyclic ligands containing 
both pyridyl and diazine rings.6 
The aforementioned electron deficient rings in combination with electron rich 
imidazole rings are comparatively under investigated. The interaction between these 
ligands and the d-orbitals of metals takes place through σ-donor and π–acceptor 
molecular orbitals located on the nitrogen atoms and the conjugated aromatic system, 
respectively. Moreover, the nature of this interaction is greatly affected by the geometry 
and the angle between the different donor N-atoms. 
The ligands that we used here are of special interest because they possess 
electron rich imidazole and electron deficient rings that impart interesting properties to the 
overall structure.  These ligands absorb intensely in the UV region, whereas their 
complexes display distinct electronic absorption spectra consisting of absorption bands in 
the UV region arising from ligand centered π-π* transitions (240-300 nm) and in the visible 
region by virtue of MLCT transitions (400-700 nm) having a lower molar extinction 
coefficient.7 
This chapter describes the electronic absorption spectroscopy of octahedral Ni(II) 
complexes with terpyridine, dY and a set of bidentate ligands i.e., M, Z, A and Y and hence 
can be used to predict directly the 10Dq values, since Ni(II) is d8. When Ni2+ is in an 
octahedral environment, it does not have ligand field stabilization energy (LFSE) change 





The analysis of the electronic spectra of complexes of d8 configuration is often used to 
illustrate fundamental aspects of the nature of the metal-ligand bond in complexes. 
The electronic states of the d8 electronic configuration of group symmetry Oh, as well as 
spin allowed transitions are easily accessible in Tanabe-Sugano diagram. 
The absorption maxima of the d-d allowed electronic transitions is used to determine the 
parameters 10Dq and B. Both the spectrochemical series and the nephelauxetic series 
were determined for the set of ligands. 
The lowest energy absorption band corresponds to the ligand field splitting 
parameter. We were interested in the 10Dq values of these ligands as they have been 
used for other Ru(II) and Fe(II) complexes. 
Experimental Section 
 
   Syntheses of ligands 
 
 The ligands dimpy, M, Z and A were obtained in high purity by the procedure 
mentioned in the literature, 8, 9, 10, 11 the ligand terpy was purchased from Sigma Aldrich.  
Syntheses of Ni(II) complexes 
 
A 3 ml acetonitrile solution of one equivalent Ni(ClO4)2.6H2O (0.0767936 molL-1) 
was added dropwise to two equivalents of the ligands dimpy and terpy, and three 
equivalents of Y, Z, M and A which immediately turned to different shades of pink and 
purple, except for terpy which yielded a dark brown complex. The resulting solutions were 
shaken until complete dissolution, followed by centrifugation to ensure the obtainment of 
a homogenous solution of the complex, and to separate any solid remain of the ligand. 
Vigorous centrifugation for almost 10 minutes resulted in homogenous, one-phase 
solution, without any solid particles, except for mixtures with Z, A and dimpy which were 
filtered. The saturated complex solutions of Z, A, dimpy were used for the study. Electronic 
absorption spectra were recorded and the solutions were left to dry slowly at room 
temperature, which yielded violet crystals for [Ni(terpy)2]2+, [Ni(dimpy)2]2+ and [Ni(A)3]2+. 
ESI-MS (Acetonitrile): m/z 248.0364 for [Ni(Z)3]2+, 248.108 for [Ni(M)3]2+, 247.6197 





(Appendix C5-4.6). The mass spectra of the complexes proved their identity. Crystals 
were obtained by slow evaporation of acetonitrile solution of the complexes.  
Physical Measurements 
 
Electrospray ionization mass spectra (ESI-MS) were recorded with a Waters 
Quattro Micro API in a positive mode using a 1:1 methanol: water solution with addition of 
0.10% (v/v) formic acid.  
Electronic absorption spectra were recorded using a quartz cuvette (1.00 cm) with a diode 
array HP8453 UV/Visible absorption spectrophotometer equipped with a HP89090A 
Peltier.  
The absorption spectra were also obtained in the near IR region using Cary 5000 
UV-Vis-NIR Spectrophotometer. 
 
Results and discussion 
 
Electronic absorption Spectroscopy 
 
The absorption spectra were directly recorded from the mother liquor (Figure 5.1), 
for all the complexes. The absorption bands (3A2g→ 3T2g) at the highest wavelength for 
each of the complex correspond to the 10Dq value or the ligand field splitting parameter 
Table 4.1. The value of interelectronic repulsion parameter B for each of the complex has 
been calculated according to formulas given in the literature (Figure 5.2). 12,13 The spectra 
for all the complexes were taken by Cary 5000 Spectrophotometer to check for the 
presence of absorption bands in the near IR region (Figure 5.2). However, no ligand field 
bands were observed in NIR region. This confirms that the bands observed in the 750-
1100 nm range correspond to the 3A2g→ 3T2g. 
The spectrum for [Ni(terpy)2]2+ shows two absorptions at 12674 cm-1 and 18903 
cm-1 which are closer to the previously reported values of 12350 and 18500 cm-1, assigned 
to 3A2g→ 3T2g and 3A2g→ 3T1g. 14 





Similarly, on comparison of [Ni(terpy)2]2+ and [Ni(dimpy)2]2+, [Ni(dimpy)2]2+ shows a higher 
10Dq because of the lone pairs on the imidazole part of the ligands which are situated far 
from the central Ni(II), as compared with the [Ni(terpy)2]2+ which has no such lone pairs. 
The 10Dq values and the calculated values of parameter B are listed in Table 5.1 in 
increasing order of 10Dq or increasing ligand field strength of the ligands. Based on these 
values, the ligand terpy is the strongest of the series, and ligand M is the weakest of all 
which justifies the SCO in Fe(M)3 complexes only (discussed in Chapter 3), we don’t 
observe spin crossover in Ru(II) complexes because their ligand fields are stronger than 
in Fe(II) complexes (10Dq values increase down the group in the periodic table). The order 
is pretty much the same in the bidentate ligand series (as we intended to show fine-
tuning). Moreover, the B values close to the free ion is an evidence that the bonding is 









































































Figure 5.1. Electronic absorption spectra of all the complexes and the nickel perchlorate 
(Ni(ClO4)2.6H2O) salt in Acetonitrile.  
 
Table 5.1. The absorption bands of the Ni(II) complexes and Ni(II) salt recorded in nm 



























































Table 5.2. The v2/v1, 10Dq, and Racah parameter B for each Ni(II) complexes  
 
complex v2/v1 10Dq B/cm-1 
[Ni(terpy)2](ClO4)2 1.491 789 nm, 12674.27 cm-1 684.335 
[Ni(A)3](ClO4)2 1.592 860 nm, 11627.91 cm-1 901.338 
[Ni(dimpy)2](ClO4)2 1.549 860 nm, 11627.91 cm-1 766.0019 
[Ni(Y)3](ClO4)2 1.625 865 nm, 11560.69 cm
-1 1035.9041 
[Ni(Z)3](ClO4)2 1.643 889 nm, 11248.59 cm-1 1096.3538 








Figure 5.2. Electronic absorption spectra of all the complexes and nickel perchlorate salt 




The [Ni(dimpy)2]2+ and [Ni(terpy)2]2+ crystallized with two perchlorates as 
counterions and a water molecule, in both cases. The hexa-coordinated system of the 
nitrogen atoms from the two tridentate ligands form a distorted octahedron around the 
central Ni(II). Both the ligands in the complex [Ni(dimpy)2]2+ are neutral, with no typical 
ionization hydrogen atom from the imidazole ring. The molecular structures of the cationic 







Figure 5.3. The molecular structure of the cationic complex [Ni(dimpy)2]2+ with the atom-
numbering scheme.  
 





numbering scheme.  
 SciFinder (SciFinder, 2018) and the Cambridge Structural Database (CSD, 
Version 5.38, updated in Feb 2018) were searched for the set of the mentioned 
complexes, some reports of crystal structures containing the cationic complex 
[Ni(terpy)2]2+ were encountered whereas no match was found for the complex 
[Ni(dimpy)2]2+. Hereby we report the crystal structures of homoleptic nickel(II) complexes 
with tridentate (terpy) and 2,6-bis(imidazol-2-yl)pyridine (dimpy). According to the 
literature survey, Stupka et al.,15 synthesized the complex [Ni(dimpy)2]2+ with a different 
anion i.e., ditetrafluroborate but crystal structure was not reported. McMurtrie et al. 16 
investigated the crystal structure of [Ni(terpy)2](PF6)2 with Ni-N bond lengths in the range 
for 1.987(2)-2.119(2).  
 
Saghatforoush et al.17 reported the crystal structure of nickel complex with 
substituted terpy ligand. Hamilton18 (2011) reported the crystal structure of 
[Ni(terpy)2][Ni(CN)4].3CH3CH2OH.3H2O with a cation [Ni(terpy)2]2+. The Ni-N bond 
distances (1.990(2) Å) related to the central N atoms of terpy were shorter than the Ni-N 
(2.107(10) Å) related to the peripheral N atoms of the ligand which is very common for 
other known terpy complexes (McMurtrie et al.)16. Anderer 19 (2016) investigated the 
crystal structures of dimorphic complex [Ni(terpy)2]Sb4S7·H2O with distorted octahedral 
geometry, that crystallized in different space groups, although all the unique atoms 
occupied the same positions. The Ni-N bond lengths were observed to be in the range of 
1.972(5)-2.117(5) Å. Ruiz-Rérez et al.20 (2002) reported the crystal structure of 
[Ni(bipy)3]Cl2 . 5.5H2O with an average Ni-N bond distance of 2.09(4) Å. No crystal 
structures for [Ni(bpz)3]2+ and [Ni(bipm)3]2+ were found. Shyu et al.,21 (1997) reported the 
crystals structure of a double complex with [Ni(bpy)3]2+ as a cationic complex for which 
the Ni-N bond distance was found to be 2.09 Å which is the same for a previously reported 
[Ni(bpy)3]Cl2 by Yanagi et al.22 
 [Ni(terpy)2]2+ with perchlorates as counter anions was reported by Baker et 
al.,(1995) 23 with a water molecule in the crystal structure in the space group P21, and 





We got a slightly distorted octahedral [Ni(terpy)2]2+ with two perchlorates and a water 
molecule in the space group of P21/n. The obtained crystal data for this complex has been 
compared with that in the literature. Comparing with the structure obtained by Baker et al, 
we found that the peripheral Ni—N bonds for each ligand are longer than the central bond 
and the bond distances were found to be very close in both cases. However, in our 
structure, central Ni—N bonds were more symmetrical (2.001(2) and 2.000(2) Å) as 
opposed to 2.024(8) and 1.984(9) Å. The axial bond angles in our crystal is a little wider 
(177.97°) than 177.4° (Baker et al) are widely different. Intra-ligand bond angles in our 
complex is wider (average 95.71°) than 95.2° reported by Baker. 
For [Ni(dimpy)2]2+, all the Ni—Npy with an average bond length of 2.1115 Å are in the same 
range as those in the literature for [Ni(bpy)3]2+ reported by Ruiz-Pérez et al. (2002) and 
Shyu et al. (1997). These bond lengths are shorter than the bond lengths Ni—Nim, for 
which an average was calculated to be 2.0375 Å, within their standard uncertainties. The 
intra-ligand bite angles Nim—Ni—Npy are almost equal and have very close values, with 
an average of 77.76 (11) ˚ along the axes, exhibiting a clear deviation from the ideal 90˚, 
whereas the inter-ligand bite angles Nim—Ni—Npy vary widely, ranging from 97.56 (11) to 
107.16(11)˚, with an average of 102.235˚. These clear-cut differences in the bond angles 





The crystallographic data, data collection and refinement details of the obtained 
crystals are summarized in Table 5.3. and Table 5.4 The non-hydrogen atoms were 
refined anisotropically, whereas hydrogen atoms were put in idealized places. 
Table 5.3. The crystallographic data, data collection and refinement details of 
[Ni(dimpy)2]2+ and [Ni(terpy)2]2+. 
Crystal data Ni(dimpy)2](ClO4)2 Ni(terpy)2](ClO4)2 
Chemical formula 2(ClO4)·C22H18N10Ni·H2O·0.95(O) C30H22N6Ni·2(ClO4)·H2O 
Mr 713.33 742.16 
Crystal system, space group Monoclinic, P21/n Monoclinic, P21/n 





a, b, c (Å) 19.8313 (13), 28.3528 (19), 
20.4753 (14) 
8.7560 (6), 8.8209 (6), 
39.384 (3) 
β (°) 97.270 (2) 94.089 (2) 
V (Å3) 11420.2 (13) 3034.1 (4) 
Z 16 4 
Radiation type Mo Kα Mo Kα 
 µ(mm-1) 0.94 0.88 
Crystal size (mm) 0.19 × 0.16 × 0.14 0.19 × 0.12 × 0.08 
Data collection  
Diffractometer Bruker APEX CCD detector Bruker APEX CCD 
detector 
Absorption correction Multi-scan  
SADABS (Bruker, 2010) 
Multi-scan  
SADABS (Bruker, 2010) 
 Tmin, Tmax 0.664, 0.746 0.688, 0.746 
No. of measured, 
independent and 
 observed [I > 2σ(I)] 
reflections 
122241, 26163, 18463   25542, 5973, 4945   
Rint 0.044 0.041 
(sin θ/λ)max (Å-1) 0.650 0.617 
Refinement  
R[F2 > 2σ(F2)], wR(F2), S 0.057, 0.156,1.02 0.047, 0.123, 1.07 
No. of reflections 26163 5973 
No. of parameters 1706 436 
No. of restraints 304  
H-atom treatment H-atom parameters constrained H-atom parameters 
constrained 
 ∆ρ max, ∆ρmin (e Å-3) 1.47, -0.75 0.48, -0.95 
 
Table 5.4. Bond lengths and bond angles of [Ni(dimpy)2]2+ and [Ni(terpy)2]2+ 
Ni—Nim (dimpy) Bond length (Å) Ni—Npy (terpy) Bond length (Å) 
Ni1—N2 2.132 (3) N1—Ni1 2.113 (3) 
Ni1—N13 2.109 (3) Ni1—N2 2.001 (3) 





Ni1—N29 2.115 (3) Ni1—N4 2.109 (3) 
Ni1—N7 (py) 2.038 (3) Ni1—N5 2.000 (3) 
Ni1—N23(py) 2.037 (3) Ni1—N6 2.114 (3) 
N—Ni—N  Bond angle (Å) N—Ni—N  Bond angle (Å) 
N7—Ni1—N2 77.56 (11) N1—Ni1—N6 93.74 (10) 
N7—Ni1—N13 77.72 (11) N2—Ni1—N1 77.39 (10) 
N7—Ni1—N18 102.49 (11) N2—Ni1—N3 78.15 (10) 
N7—Ni1—N29 101.73 (11) N2—Ni1—N4 103.25 (10) 
N13—Ni1—N2 155.27 (11) N2—Ni1—N6 101.26 (10) 
N13—Ni1—N29 92.28 (12) N3—Ni1—N1 155.46 (10) 
N18—Ni1—N2 92.98 (11) N3—Ni1—N4 90.80 (10) 
N18—Ni1—N13 91.74 (12) N3—Ni1—N6 92.91 (10) 
N18—Ni1—N29 155.75 (11) N4—Ni1—N1 92.87 (10) 
N23—Ni1—N2 107.16 (11) N4—Ni1—N6 155.46 (10) 
N23—Ni1—N7 175.25 (11) N5—Ni1—N1 101.06 (10) 
N23—Ni1—N13 97.57 (11) N5—Ni1—N2 177.97 (11) 
N23—Ni1—N18 78.10 (11) N5—Ni1—N3 103.44 (10) 
N23—Ni1—N29 77.67 (11) N5—Ni1—N4 78.08 (10) 




 The 10Dq values calculated for the set of bidentate ligands suggest the 
following order for the strength of the ligands: 
M < Z < Y < A  
 
 Experimental B values are very close to the free ion value indicating a 
rather ionic interation for the bidentate ligand series. However, the bonding seems to be 





 The ligand terpy is observed to have the maximum 10Dq value, which 
means it is the strongest of all. A, dimpy and Y have almost the same or very close values, 
so they can be considered to have equal strength. The ligand M is the weakest of the 
whole set, and hence it doesn’t cause huge splitting of orbitals. The appearance of SCO 
phenomenon in Fe(M)3 is a proof of this fact.  











































We synthesized thirteen complexes with Fe(II), Ru(II) and Ni(II), all of which are novel 
except Fe(Y)3 synthesized for comparison of magnetic behaviour in Fe(II) complexes. We 
got single crystals for six of these complexes. Single crystals of Fe(Z)3, Fe(M)3, Ru(M)3, 
Ni(M)3 and Ni(A)3 showed that they crystallized as meridional isomers, which may point 
to the fact that meridional isomers are thermodynamically more feasible to exist.  
 
In Fe(II) complexes that we investigated, the SCO and magnetic behavior in general lead 
us to develop the following order of the ligand field strength. 
 
M < Y ~ A < Z 
 
In case of the Ru(II) series, based on the potentials we found, the t2g energy would be A 
~ M < Y < Z, which is essentially the same ligand field order that we found from the SCO 
studies of Fe(II) complexes except for the position of the A.  
The study of Ni(II) complexes was useful in calculating the 10Dq values for the set of 
bidentate ligands suggest the following order for the strength of the ligands. 
 
M < Z < Y < A 
 
Experimental values of the parameter B were found very close to that of the free ion, 
indicating a rather ionic interaction for the bidentate ligand series. However, the bonding 
seems to be more covalent for dimpy and terpy. 
The ligand terpy is observed to have the maximum 10Dq value, which means it is the 
strongest of all. The ligands A, dimpy and Y have very close values, so they can be 
considered to have equal strength. The ligand M is the weakest of the whole set, and 
hence it doesn’t cause huge splitting of orbitals. The appearance of SCO phenomenon in 
Fe(M)3 is a proof of this fact.  
 
It was not possible to obtain a unique spectrochemical series for the bidentate series, this 
may indicate the limitations of Ligand Field Theory to account for all electronic effects 





field ligand. It showed the lowest SCO temperature in the case of Fe(II) and the lowest 
RuIII/RuII reduction potential. Besides that, its Ni(II) complex showed the lowest 10Dq 
value of the series. 
The different strengths of A and Z in the series with different metal ions may reveal the 
importance of the π-interactions in these ligands. Z is the strongest ligand for Fe(II) and 
Ru(II) but the second weakest for Ni(II) in which π-backbonding is not important. The 
contrasting behavior of A needs more investigation.  
This thesis will help us understand the individual effects of all these ligands in the 
heteroleptic complexes our group is working with. These heteroleptic complexes show 
water oxidation catalysis. Thus, by understanding the nature of ligands, our group can 
design a suitable water oxidation catalyst, fine-tuning the oxidation potentials by varying 
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Appendix A1 ATR-Infrared spectrum of [Fe(Z)3](ClO4)2 
 







Appendix A3 ATR-Infrared Spectrum of [Fe(A)3](ClO4)2 
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02-02-2017_FE(IMPA)3  (0.034) Is (1.00,1.00) FeC21N12H16 TOF MS ES+ 
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02-02-2017_FE(IMPA)3 1 (0.034) TOF MS ES+ 
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Appendix C1. Simulated (above) and experimental (below) high resolution ESI-MS 
spectra of the complex [Fe(A)3](ClO4)2 in methanol, obtained in positive mode.  
NMR of Fe(II) complexes 
NMR spectra of the Fe(II) complexes were obtained in DMSO-d6. They showed 
broad bands instead of peaks which indicate high spin complexes. The high spin Fe(II) 
is paramagnetic in nature. The resulting magnetic moment of the unpaired electrons 
change the bulk magnetic susceptibility and couples with nuclear magnetic moment, 
decreasing the shielding and the relaxation times. The overall effect is that broad 
bands and high chemical shifts are observed in the regular NMR experiment.  
 
 






Appendix B2. 1H- NMR spectrum of the complex [Fe(M)3](ClO4)2 obtained in DMSO-d6. 
 







Appendix A4 IR spectra of [Ru(Z)3](PF6)2, [Ru(M)3](PF6)2 and [Ru(A)3](PF6)2 
 






Appendix C2. Simulated (above) and experimental (below) high resolution ESI-MS 
spectra of the complex [Ru(M)3](PF6)2 in methanol, obtained in positive mode.  
 
 
Appendix C3. Simulated (above) and experimental (below) high resolution ESI-MS 
spectra of the complex [Ru(Z)3](PF6)2 in methanol, obtained in positive mode.  
m/z





























































































Appendix C4. Simulated (above) and experimental (below) high resolution ESI-MS 
spectra of the complex [Ru(A)3](PF6)2 in methanol, obtained in positive mode.  
Mass Spectrometry of Ni(II) complexes. 
 
Appendix C5. Simulated (above) and experimental (below) high resolution ESI-MS 
spectra of the complex [Ni(M)3](ClO4)2 in acetonitrile, obtained in positive mode.  
m/z














































































Appendix C6. Simulated (above) and experimental (below) high resolution ESI-MS 
spectra of the complex [Ni(Z)3](ClO4)2 in acetonitrile, obtained in positive mode.  
 
 
Appendix C7. Simulated (above) and experimental (below) high resolution ESI-MS 
spectra of the complex [Ni(A)3](ClO4)2 in acetonitrile, obtained in positive mode.  
m/z







































































































Appendix C8. Simulated (above) and experimental (below) high resolution ESI-MS 
spectra of the complex [Ni(terpy)2](ClO4)2 in acetonitrile, obtained in positive mode.  
 
Appendix C9. Simulated (above) and experimental (below) high resolution ESI-MS 
spectra of the complex [Ni(H2Dimpy)2](ClO4)2 in acetonitrile, obtained in positive mode.  
m/z

































































Appendix 4.6. Simulated (above) and experimental (below) high resolution ESI-MS 





























NIIMPY-180518 1 (0.034) TOF MS ES+ 
297248.1084
247.6097
249.1073
249.5975
250.6093 256.3280
